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An electric double layer transistor (EDLT) is a type of emerging, ion-controlled electronic
device that uses ions in an electrolyte to induce charge in the transistor channel by field-effect.
Because the EDL formed at the electrolyte/channel interface under an applied field acts as an
interfacial capacitor (thickness < 1 nm), large capacitance densities, corresponding to sheet

2 can be induced in two-dimensional (2D) crystals.

carrier densities exceeding 10 cm™
This dissertation presents efforts to both improve EDL gating performance and add new
functionality to 2D EDLTSs using three newly developed ion conductors.

My first contribution was demonstrating the removal of polymeric resist residue from the
channel using atomic force microscopy (AFM) in contact mode. This technique provides a
molecularly clean 2D surface for depositing a nanometer-thin ion conductor and for achieving
the strongest EDL gating possible. My second contribution was the development of a mono-
layer electrolyte field-effect transistor as non-volatile memory (MERAM) based on WSes,.
The electrolyte is a single molecule thick and has two stable states which can be modulated
by a gate bias. After programming, MERAM has an On-Off ratio exceeding 10* at a 0 V
read voltage, which is repeatable over 1000 program /erase cycles; the retention time for each
state exceeds 6 hours (maximum cycles and time measured). The third contribution was the
development of a single-ion conductor where anions are covalently bound to the backbone of
the polymer, leaving only the cations free to form an EDL at the channel. Experiments and
modeling support that the single-ion conductor gating can create an electrostatic imbalance
that induces strain on a suspended MoTes channel to exploit the semiconductor-to-metal

phase transition for low-power 2D transistors. The last contribution was demonstrating

EDL “locking” using a doubly polymerizable ionic liquid (DPIL) developed by our collabo-
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rators. Ions are drifted into place and immobilized by thermally/photo-induced polymeriza-
tion. This concept has been used on graphene to lock a lateral p-n junction. A thermally

triggerable ion release was also demonstrated for ion-unlocking.
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1.0 Introduction

1.1 An Introduction to Iontronics and the Focus of the Dissertation

Ions, atoms or molecules with net electrical charges, are critical components of artificial
or biological systems in our daily lives, including batteries, sensors, fuel cells, membranes,
cell signaling involved in metabolism, and signal transduction in neural systems. The in-
vestigation of ionic systems to achieve better performance or new functionality involves
various fundamental studies such as ion transport, interfacial phenomena, and material de-
sign, which require interdisciplinary interactions between chemistry, physics, biology, and
materials science. Recently, there is more involvement of the high-performance electronics
community, giving rise to an emerging interdisciplinary concept that bridges ionic systems

and electronics, referred to as “iontronics”.

Iontronics emphasizes the control of electronic properties of a material or functions of
a device by ionic motion and arrangement. [1] As illustrated in Figure 1, iontronics can
be generally categorized according to mechanisms as either electrostatic or electrochemical,
depending on whether or not electrochemical reactions modulate the state of the device.
For electrostatic iontronics, there are two major branches defined by device type: electric-
double-layer capacitors (EDLC) and electric-double-layer transistors (EDLT), both of which
involve the formation of electric double layers (EDL) thereby taking advantage of large EDL
capacitance. [1-4] EDLCs are the foundation for the development of flexible supercapacitors
and are mainly used for wearable electronics. [3] In contrast, EDLTs have many applica-
tions such as printable and flexible electronics, phase change devices, memory and synaptic
devices, and are also used extensively to explore fundamental physics such as superconduc-
tivity, thermoelectric effect, and ferromagnetism in materials including polymers, organic
crystals, oxide semiconductors, magnetic materials, carbon nanotubes, 2D materials and
quantum-dots. [1,2] For electrochemical iontronics, though not the focus of this dissertation,
a variety of branches have been developed in the past decade, including ion intercalation

devices, [5] electrochemical transistors (ECT) for organic electronics, [2] electrochemical



metallization (ECM) devices and valence charge memory (VCM) for resistive random ac-
cess memory (ReRAM) and memorisistors, [6-8] and electrochemical light-emitting cells
(LEC). [9] Together, they constitute a large and blooming family of iontronics which has
become a vital component for printable and flexible electronics, neuromorphic devices for ar-
tificial intelligence, Internet of Things (IoT), healthcare technologies and many other future

applications. [1]

This dissertation focuses on one specific branch of iontronics: EDLTs that employ two-
dimensional (2D) materials as transistor channels (indicated by shaded green boxes in Figure
1). Due to unique electronic, thermal and mechanical properties of 2D materials compared
to Si, many exciting predictions have been made about the possible role of 2D materials
in electronics such as: devices with the ultimate degree of thickness scaling (i.e., atoms or
molecules), [10] ultra-low power devices, [11] and mechanically flexible devices. [12] Moreover,
broad and rich physics has been uncovered including 2D superconductivity [13,14] and opto-
valleytronics [15,16] that are directly related to the quantum confinement provided by the
single atom or molecule thick geometry. However, to harness some of the advantages for
practical application, precise control over the density and type of charge carriers in the
2D materials is required - a particular challenge for 2D materials. One reason is that high
performance gate dielectrics are hard to grow on surfaces free of dangling bonds. In addition,
substitutional doping that has been refined for Si-based devices is unsuitable for 2D materials.
In contrast, replacing the gate dielectric with an ion conductor provides a material that
is (1) easy to deposit on the surface of a 2D material and (2) can induce charge carrier
densities exceeding 10" to 10 ¢cm™2 [2] for both holes and electrons without substitutional
doping. These values are one or two orders of magnitude larger than a conventional gate
dielectric. Therefore in the past decade, the 2D community has utilized 2D EDLTSs as a tool
to discover exciting new physics such as spin polarization, [17] photogalvanic current, [18] and
current-induced circularly polarized electroluminescence. [19] Yet, unlike battery community
where ion conductors have been extensively engineered to enhance ion transport, the effort
within the semiconductor community is largely focused on engineering the 2D material with
very little effort given to engineering or even improving ion conductors to control charge

carriers of 2D materials. [1,4] A missed opportunity is that ion conductors can introduce new



Mechanism Device Materials Physics or device function Applications

__Electric-double-layer,
capacitor (EDLC)

Sensors, charge storage in
wearable electronics

Supercapacitor

Transistors, sensors in
printable/flexible electronics

Polymer

| | Organic single- Printable electronics, biosensors

crystal
= Electrostatic = Superconductivity
Oxide ——
L semiconductor Mott - T port (carrier
(VO,, perovskite density, mobility )
oxides)
Ther lectric _ 2D super ivity
Magnetic material —
| (diluted magn Ferr i __Spintronics/valleytroni
|_Electric-double-layer, SEIICONCUCIONS: = cs
transistor (EDLT) magnetic metals) :
Metal phase
) I transition induced by —  Resistive switching device
L Carbon nanotube Exploring transport high field
and physics .
L] Enhancing ¢ — g
ambipolarity Light emitting transistor (LET)
Diodes
2D material = P-n junctions <|:

(graphene, TMDs) Light-emitting diodes (LEDs)

lontronics =
EDL gated synaptic

Quantum-Dot ml device — Neuromorphic computing
—  (PbSe, CdSe, e — _—
CdSe/CdS L gated non-volatile |
- - ) _ memory (NVM) ™ M
Adding new
functionalities EDLT with features of
i I hani R device

al systems (MEMS)

Phase transition 0
| Elsctrochemical.ion 2D/layered material |°E|3,I; / Rs;::t:}gg Reconfigurable FETs for hardware
Intercalation device " o g il ™ security, polymorphic circuit
Synaptic unlocking  “goping
Electrochemical : : .
M transistor (ECT) Organic/polymer Pr able electronics
= Artificial synapse, neuron
Electrochemical Cond
- Electrochemical —— metallization (ECM) 3 i Resisti itchil "
memory bridge/filament = - Memristor
Valence change . ki s it |
T memory (VCM) [ Oxide ReRAM
Electrochemical

- light-emitting cell
(LEC)

Figure 1: Tontronics and dissertation focus. Framework for iontronics that captures the wide
array of devices, materials, physics and applications involved. The work covered in this dissertation
is highlighted in green and connected by red lines.



functionality into 2D EDLTSs that would not be possible with conventional gate dielectrics.
This is especially true for polymer electrolytes given the rich opportunities for tailoring the
polymer chemistry and tuning the properties. Therefore, my work has focused on developing
novel electrolyte and 2D EDLTs to impart functionalities that can be difficult or impossible
to achieve with conventional gate dielectrics. The following subsections will cover several
basic aspects of 2D EDLTSs, ranging from EDLT mechanism, 2D materials, ion conductors,

device assembly and major applications.

1.2 EDLT Mechanism: Electric Double Layer Gating

The semiconductor channel of a field-effect transistor (FET) is turned On (high current)
or Off (low current) by the external electric field applied from the gate. In conventional
metal-oxide—semiconductor field-effect transistor (MOSFET), the field is applied through
the oxide dielectric (e.g., SiOy) and interacts electrostatically with the channel to modulate
the current. In contrast, in an EDLT, the dielectric between the gate and channel is replaced
with an ion conductor (i.e., electrolyte) that is electrically insulating but ionically conductive.
In this case, the gating of the FET is accomplished by the formation of EDLs that form at
the channel/electrolyte interface and the gate/electrolyte interface, which is known as EDL
gating (Figure 2). When there is no gate bias, cations and anions are homogeneously
distributed in the electrolyte (Figure 2 (a) at Vg = 0 V). With a negative bias applied at
the gate (Figure 2 (b), Vg < 0 V), anions are drifted to the semiconductor channel surface
where they induce image charges (holes) and form an anionic EDL at the channel/electrolyte
interface. In this case, hole conduction is promoted in the channel as more holes are induced
by anions. When a positive bias is applied (Figure 2 (c)), the opposite occurs, with a cationic
EDL formed at the interface to promote electron conduction. [1,2]

In EDLTSs, the charge carrier density in the semiconductor is electrostatically controlled
by the amount of ions at the electrolyte/semiconductor interface and is proportional to the
applied gate voltage on the electrolyte. The upper limit of the accumulated charges at the

interface is determined by the ion packing density at the maximum possible gate voltage
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Figure 2: Schematics of EDL-gated FET operation. An EDLT is a three-terminal device
consisting of a channel with source and drain electrodes, a gate electrode to apply the external field,
as well as an ion conductor to electrically isolate the gate electrode from the channel and provide
ions for doping. (a) At a zero gate voltage (Vg = 0 V), the cations and anions are distributed
homogeneously throughout the electrolyte. When a negative or positive gate voltage is applied on
the gate electrode ((b) and (c), respectively), anions or cations are driven to the channel surface,
inducing image charges (holes or electrons) in the channel.

beyond which electrochemistry will occur. This maximum possible gate voltage defines the
so-called electrochemical window; many electrolytes have an electrochemical window around
+3 to +£5 V depending on electrolyte type and temperature. [2] The primary advantage of
EDLTs is the enormous electric field strength (~ 30 MV c¢cm™' or more) that EDLs give
rise to, which is larger than the dielectric breakdown limit of SiOy in MOSFETSs (5 - 10
MV em™!). [1] This is because nearly all the applied gate potential drops across the two
EDLs formed at the gate/electrolyte and electrolyte/channel interface, while the bulk of the
ion conductor remains charge neutral. [2] In other words, the EDL can be regarded as an
interfacial capacitor with the charge separation distance equivalent to the proximity of ions

to their image charges (thickness ~ 1 nm). [2,20] The capacitance of EDL can be estimated as:

Cepr = €r60A/teDL (1-1)



where ¢, is the relative permittivity of electrolyte and €y is vacuum permittivity (8.854
x 10712 F m™!), A is the semiconductor channel area, and tgpy, is the EDL thickness (~
1 nm). Because the gate capacitance is inversely related to the charge separation distance,
the EDL can induce high gate capacitance densities (1 - 10 uF cm™2), corresponding to
sheet carrier densities (i.e., doping densities) exceeding 10'3 cm™2. [2,21] Since the transistor
drain current is proportional to the gate capacitance when the drain/source voltage Vpg is
much less than the gate voltage V¢, [2] the EDL gating allows for stronger modulation of
the current (compared to traditional dielectrics) at low gate voltages (i.e., a sub volt) as
required by power-efficient electronics. [1,2] Another advantage is that EDL induces strong
and degenerate doping on the semiconductor, which reduces the depletion length at the
contact /semiconductor junction (i.e., Schottky barrier thinning), allowing more tunneling
than thermionic injection of charge carriers from metal contacts to semiconductors and
therefore reducing contact resistance. [22-24] This reduced contact resistance combined with
the strong gate control by EDLs has enabled the exploration of new transport phenomena
that cannot be accessed with traditional gate dielectrics, especially for novel semiconductors
like nanotubes and 2D crystals.

Note that the speed of a transistor is essentially the switching time between the Off
and On states. For MOSFETSs, the polarization response within the dielectric is on the
timescale of nanoseconds and the switching speed depends mainly on the channel length and
the mobility (u) of charge carriers (i.e., electrons/holes) in the channel. However, in EDLTSs,
the switching speed depends on the polarization speed of the EDL (i.e., the time for full EDL
formation), which can be as long as a few seconds in solid polymer electrolyte because ions
move several orders of magnitude slower than electrons/holes. Therefore, EDLTs using
conventional solid polymer electrolytes, have been ignored for application in high-speed

electronics. More discussion of the switching speed will be included in section 1.4.



1.3 Two-dimensional Materials for Transistors

2D crystals are layered materials held together by Van de Waals forces. Since the iso-
lation of first 2D material — graphene — in 2004, [25] 2D materials have been explored for
next generation power-efficient electronics because of their excellent electrical, thermal and
mechanical properties. [26,27] Specifically, FETs based on those 2D materials have several
advantages including an atomically thin channel, which is beneficial for device scaling with-
out detrimental short-channel effects, high carrier mobilities, [10,26] mechanical properties
compatible with flexible electronics, [12] and the ability to form heterojunctions and het-
erostructures by crystal stacking. [28] In addition, unique physics have been revealed for 2D
materials recently including their spin and valley degrees of freedom, leading to new device
concepts - spintronics and valleytronics. [15]

As shown in Figure 3, several 2D crystals that are intensively investigated for novel
transistors include: 1) graphene, a single layer of carbon atoms arranged in a hexagonal
lattice, which is a semi-metal without band gap and therefore cannot be fully turned off
but has a minimum conductivity point; [25,29] 2) h-BN, with large band gap ~ 6 eV as
a 2D dielectric; [10, 26, 30, 31] 3) transition metal dichalcogenides (TMDs) such as MoS,,
WSe,, and MoTe, as 2D semiconductors, with the band gap ~ 1 — 2 eV depending on
the number of layers. [32] In their 2H phase (trigonal prismatic Ds;), MoSy is unipolar
and predominantly n-type, whereas WSe, and MoTe, are ambipolar with both p- and n-
branches in transfer characteristics. In addition, MoS, and MoTe, are examples of TMDs
that have a particularly interesting and potentially useful attribute: a phase transition that
converts the material from semiconducting (2H phase) to metallic (1T phase, octahedral
O) (Figure 3 (d)). This unique property has gained a lot of interest recently for phase
change nanoelectronics. [33-37]

Despite the potential advantages of 2D crystal FETSs, there are many challenges for them
to be used in next generation electronics. For example, high performance FETs based on 2D
crystals will require thin and defect-free high-k dielectrics. [2,38,39] However, the fact that 2D
crystals have only in-plane bonding but no out-of-plane dangling bonds poses challenges for

dielectric and ferroelectric deposition, especially because gate dielectrics need to be deposited
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Figure 3: Schematics of 2D materials. (a) graphene, (b) h-BN, (¢) TMD with transition
metal atoms in black and chalcogenide atoms in yellow, and (d) 2H and 1T’ phase of MoTes. (d)
reproduced from [34], IOP Publishing

in extremely small thickness (a few nm) while maintaining low leakage current. [40,41] One
possible approach to address this problem is the deposition of a seed layer onto which a
gate dielectric is deposited. [39,40,42] Another approach is to transfer 2D materials onto
dielectric substrates directly. But this approach usually compromises the interface between
the dielectric and the 2D materials, changing the intrinsic properties of the 2D material and

deteriorating device performance. [43]

In contrast to traditional oxide-based gate dielectrics, using an ion conductor as the gate
dielectric can address some of these concerns. For example, ion conductors can be directly
deposited onto 2D materials that are free of dangling bonds by drop-casting and spin-coating.
Conveniently, precise control over the ion conductor thickness is not critical for achieving
high gate capacitance. Most importantly, as mentioned above, EDLs can achieve larger

charge carrier densities and therefore greater gate control than oxides dielectric. [2] Unlike



an oxide gate dielectric/ferroelectric, the EDL induced capacitance is inversely related to the
EDL thickness (~ 1 nm) (as opposed to the total physical thickness of the gate dielectric), as
introduced in Section 1.1. The resulting large interfacial electric field has made EDL gating
a key tool for uncovering a variety of semiconductor and quantum physics in 2D crystals. [1]

It is also challenging to dope 2D crystals to achieve a well defined p- or n-type behavior
as required for electronics. Si is doped by substitutional doping where atoms are replaced
with atoms of a different type. But this strategy is not suitable for atomically-thin 2D
crystals because permanent replacement of atoms alters the intrinsic band gap and structural
properties. [44] Electrostatic doping by ions, on the other hand, can be achieved by the fixed
charge provided by fully formed EDLs where the image charges in 2D channel induced
by the ions serve as dopants. Without atomic replacement nor charge transfer, the EDL
gating approach is reconfigurable by changing the polarity and/or strength of the field to
redistribute the type and/or density of ions.

1.4 Ion Conductors for EDL Gating

Ion conductors used for EDL gating are ion-conducting gate dielectrics, with capacitance
densities in the range of 1 - 10 uF c¢cm™2, which is one to two orders of magnitude larger
than many common gate oxides including SiOy (0.035 uF cm™2), [45] Al,O3 (0.06 - 0.7 uF
cm™?), [46,47) TayO5 (0.18 uF cm™2), [48] and TiO, (0.7 uF cm™2). [49] And ion conductors
have also been used extensively for electrostatic ion doping of 2D materials. [24, 38, 50, 51]
Common ion conductors include solid polymer electrolytes, ionic liquids and ion gels and

polyelectrolytes. [1,2,4] A summary of each type is presented below.

1.4.1 Solid Polymer Electrolytes

Solid-state electronics will require all-solid state materials; therefore solid polymer elec-
trolytes are attractive due to their easy deposition and device integration. They are prepared

by dissolving inorganic salts in ion conducting polymers. For example, poly (ethylene oxide)



(PEO)-based electrolytes consist of a salt (e.g., LiClO, or CsClO,) dissolved in PEO, where
the ether oxygen atoms on the PEO chains electrostatically interact with cations. Ions move
by hoping from one set of ether oxygen atoms to another either on the same chain or dif-
ferent chains. [52] PEO-based electrolytes have been used widely in 2D EDLTS including
graphene, [38,53,54] MoS,, [55] WSe,, [23,32,56] MoTe,, [20] and Tellurene. [57] The large
sheet carrier densities of 10'* induced by PEO-based electrolytes enable not only effective
current modulation ratios up to 7 orders of magnitude at small gate voltages (e.g., 1.5 V)
as desired for power-efficient devices, [20] but also permit access to new phenomena such as

gate-induced superconducting transition in 2D EDLTs. [38, 58]

While solid polymer electrolytes provide a solid-state ion-conducting gate dielectric, ion
conductivity in these materials is generally low (107 to 107* S cm™! at room temperature).
[2] As mentioned in 1.2., the polarization response time of electrolytes (i.e., the time to
form full EDLs with sheet carrier densities up to 10* cm~2) depends on ion conductivity.
Therefore, the low ion conductivity results in a slow polarization response for solid polymer
electrolytes and low switching frequency (e.g., < 1 kHz) in transistor dynamic characteristics,

[2] making them unsuitable for high-speed electronics compared to oxides dielectrics.

It is not an easy task to improve ion conductivity in solid polymer electrolytes. As
mentioned above, ion conductivity in polymers is coupled to the segmental motion of the
PEO chains, which depends on temperature. [52] The mobility of the polymer chains is
indicated by the polymer’s glass transition temperature (7}) which increases with increasing
salt concentration. In contrast to 7,, the ionic conductivity goes through a maximum with
increasing salt concentration. At low concentrations, there are only a small number of ions
to contribution to the conductivity, but at high salt concentrations, polymer mobility is
significantly reduced and ionic aggregates form. [52,59] Thanks to the battery community,
there has been continuous effort to enhance ion transport in solid polymer electrolytes while
also maintaining mechanical properties, [2,59-62] which could benefit the EDLT research.

Despite the generally poor ionic conductivity, it does not mean that solid polymer elec-
trolytes cannot be used in EDLT's at short operating timescales. First of all, the polarization
response time depends on the electrolyte thickness. Thus, if the solid electrolyte thickness

can be scaled down to nanometers, ions do not need to travel far even though they are slow.
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In fact, it has been reported that in an ideal case, for PEO electrolytes with a film thickness
of 1 um, the polarization response time approaches 0.1 us potentially capable for switching
frequency of 10 MHz. [2] Furthermore, it has been reported by our group that the onset of
EDL formation occurs at much shorter timescales (e.g., nanoseconds under electric field of
1 V nm™'), [54] because only those ions near the interface are involved (i.e., the ions that
ultimately form the EDL do not need to migrate a long distance to the interface). If a
sufficient number of charge carriers are induced during the initial stages of EDL formation,
the FET channel resistance can still be efficiently modulated. Additionally, the ion speed
can be increased by increasing the applied electric field strength, which in turn, reduces the
EDL formation time. While the maximum voltage that can be applied is limited by the
electrochemical window of the electrolyte, our group has shown that short voltage pulses

(e.g., milliseconds or less) could be used to avoid electrochemical reactions. [54]

1.4.2 Ionic Liquids

Another class of electrolyte, ionic liquids, have relatively weak electrostatic interactions
between ions while their ionic concentration is high (i.e., 10*' cm™?), leading to faster re-
sponse to external electric field and higher ionic conductivity (107 - 1072 S cm™!) than solid
polymer electrolytes. Their good thermal, electrochemical stability and high ionic conduc-
tivity make them good electrolytes for printed organic EDLTSs. [2,63] One commonly used
ionic liquid is N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium bis (trifluoromethylsul-
fonyl) imide (DEME-TFSI), which exhibits an ionic conductivity of 4.0 x 1072 S cm™!
and a electrochemical window of 5.4 V at room temperature. [64] Besides printed organic
EDLTs, DEME-TFSI has been widely used in 2D EDLT's for exploring new physics, includ-
ing graphene, [65] MoSs,, [24,66,67] and WSe,. [68] The EDL gating using DEME-TFSI can
reduce the contact resistance by enhancing the tunneling of charge carriers due to the Schot-
tky barrier thinning (as mentioned in section 1.2). [24] Large sheet carrier densities over 10

cm ™2 were reported for EDL gating using DEME-TFSI, which allows gate-induced supercon-
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ductivity in TMDs, [14,69-71] and the metal-insulator transition of MoTes (2H/1T’ phase
transition as mentioned in 1.3). [37] One major drawback of using ionic liquids, though, is a

lack of solid-like mechanical integrity required for solid state electronics.

1.4.3 Ion Gels

Ion gels have recently gained tremendous attention due to their solid state nature and
mechanical properties superior to ionic liquids but without too much compromise on ion
transport. Typically, ion gels used in EDLTs have ionic conductivity of 1073 S cm™! with
good chemical and electrochemical stability. [2,72] Ion gels can be categorized into aqueous
(e.g., hydrogels) and non-aqueous gels (e.g., polymeric ion gels). Although hydrogel gated
graphene transistor was reported, [73] it remains challenging to use aqueous ion gels in EDLT's
because their water content can alter the channel properties by p-type doping, can screen the
electric field that decreases gate control of ions, and can lead to hydrolysis that will occur at
voltages within the operating window. On the other hand, nonaqueous ionic gels have been
widely used in EDLTs and EDLCs for flexible and stretchable electronics as well as printable
digital circuits. [2,3,72] The gelation of nonaqueous ion gels is achieved by introducing
a polymer network into ionic liquids with either noncovalent associations (e.g., hydrogen
bonding, colloidal dispersion, and supramolecular interaction) or with covalent crosslinking
through polymerization of vinyl monomers or polyaddition of functional groups. [2,72] So
far, the most widely used ion gel in 2D EDLTs consists of triblock copolymer poly(styrene-
block-methylmethacrylate-block-styrene) (PS-PMMA-PS) and and the ionic liquid 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]). [51,74,75]

1.4.4 Single-ion Conductor

Another type of polymer electrolyte that is commonly used in actuator and battery re-
search, but uncommon for EDLTSs is the single-ion conductor. It consists of immobile ions
because they are covalently bounded to polymer backbones and mobile counter ions, rep-
resenting a unique type of solid polymer electrolyte. The first EDL gating using a single
ion conductor was on P3HT polymer FETs using poly(styrene sulfonic acid) (PSSH). [76]
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The PSSH dissociate into SSH™ polyanions and protons (H') under the field, and protons
are capable to form the EDL. Later, another example was demonstrated on a n-type poly-
mer transistor using a polymerized ionic liquid (PIL) triblock copolymer (PS-PIL-PS) that
conducts only the TFSI anion. [77] And recently, the first demonstration of a 2D EDLT
using a PEO based single-ion conductor was reported by us, which possess a unique gating
behavior on ambipolar 2D FETSs. [78] Specifically, whereas graphene and MoTe, FET are
typically ambipolar when gated by a dual-ion conductor (i.e., one with both mobile cations
and anions), gating with a single-ion conductor in which cations are the mobile species,
suppresses the p-branch and enhances the n-branch.We show that this behavior is due to
the combination of immobile anions and an asymmetric gate/channel geometry (details in

Chapter 4).
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1.5 2D EDLT Device Assembly

Depositing electrolytes on 2D crystals can be easily achieved by drop-casting, spin-
coating or inkjet printing from solution, which avoids the challenging growth or deposition
of oxides using atomic layer deposition (ALD). The electric field can be applied by either a
side- or a top-gate for the strongest gate control; but a back gate can also be used to control
the location of the ions, though more weakly due to the field loss through backgate oxide
and the screening of the 2D channel. Most of EDL gating of 2D FETs adopt a side gate
geometry because the gate can be easily patterned together with other metal contacts by
e-beam lithography prior to electrolyte deposition. The lateral gate location (i.e., distance
between the channel and the gate) is flexible because the strength of the gating depends
weakly on the distance from the channel to the gate when the EDL is fully formed. Another
advantage using the side gate geometry is that the area above the channel is not blocked
unlike that in a top gate geometry, thereby reducing the difficulty of integrating 2D EDLT's
in optoelectronic applications. [79,80]

In general, the entire device assembly for common 2D EDLTSs usually involves three
major steps: 1) preparing 2D flakes by exfoliation or preparing wide-area 2D materials by
CVD growth; 2) designing and patterning metal electrodes (i.e., source, drain and side gate
electrodes); 3) depositing an electrolyte that covers both the 2D channels and the side gates.
Note that most electrolytes are typically hygroscopic, and thus water exposure should be

avoided which otherwise will screen the field and comprise the effectiveness of the gate. [4]
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1.6 Applications of 2D EDLT's

As illustrated in Figure 1 and Section 1.4, numerous 2D EDLTSs have been demonstrated
using various kinds of solid polymer electrolytes, ionic liquids and ion gels. Two primary
reasons for using ion-based gating are: 1) to explore fundamental transport properties in
2D materials; and 2) to introduce a new functional layer via the electrolyte for novel device

concepts. Each of these reasons are discussed below.

1.6.1 Using EDLT to Explore Transport and New Physics in 2D Materials

EDL gating has been primarily used to investigate the quality and properties of new
materials because it can induce large interfacial electric fields, high sheet carrier densities
and large capacitances that provide exceptional gate control. This is especially attractive for
2D crystals because EDL gating is a surface phenomenon, and its impact increases in intensity
when the 2D material itself is a surface. In addition, this technique is very popular because its
easy to deposit polymer electrolytes and ionic liquids onto devices. Many studies have used
EDLTSs to measure transport properties such as charge carrier densities and hole/electron
mobilities. [23,32, 54,68, 81]

Also by taking the advantages of 2D EDLTSs, a variety of properties and physics have
been discovered in the past decade. For example, the EDLT device design allows exploration
of gate induced superconductivity in 2D TMDs. [14,58,69-71] Herein, EDLs play a key role

1 as required to access super-

by inducing sheet carrier densities on the order of 10* cm™
conducting regimes, but without altering the bandgap like other methods such as chemical
doping or ion intercalation. [1,13]

2D EDLTs have been also used to investigate TMD based spintronics/valleytronics.
(66, 82] For instance, MoS, FETSs using conventional gate dielectrics show unipolar n-type
behavior due to sulphur vacancies and Fermi-level pinning. [11] For spintronics, however,
p-type conduction in MoS, is necessary to access large spin-splitting which occurs only in

valence band. This has been achieved by using EDL gating, with sheet carrier densities over

10" em™! reported for hole conduction. [66]
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Several more new physics being investigated using 2D EDLTSs include photogalvanic
current, [18] circularly polarized electroluminescence, [19] field induced semiconducting to
metallic phase transition, [33,34,37] and p-n junctions. [20,56,83] The last two will also be
discussed in detail in Chapter 4 and 5, respectively. In short, they all benefit from the high
sheet carrier densities induced by the EDLs.

1.6.2 Adding New Functionality by 2D EDLT's

Given the rich chemical tunability of ion-conducting polymers or ionic liquids, it is reason-
able to consider engineering ion conductors to adjust their ion transport or ion arrangement
at the interface so that new functionalities can be integrated to 2D EDLTSs. So far, however,
2D EDLTSs are primarily used as a scientific tool to investigate transport properties of 2D
materials rather than demonstrating new device functionalities. The difficulty here lies in
coordinating the science at the “interface” between disciplines: polymer/macro-molecules
synthesis, ion transport, 2D semiconductor physics, interface engineering, and advanced
nanofabrication. Thus, this dissertation together with more recent efforts from other groups
have focused on bridging a such cross-disciplinary gap to enable new device functionalities
in 2D EDLTs that are hard to be achieved using conventional dielectrics.

As illustrated previously in Figure 1, there are 4 areas where ion conductors serve as
an active layer responsible for new functionalities. The first example is 2D EDLT-based
synaptic devices, which is a promising candidate that can largely mimic the ionic mechanism
of synapses in the brain. Compared with other synaptic devices based on oxides, 2D EDLT-
based devices offer better charge carrier mobility, channel conductivity, and can integrate
photonic modulation. [84] In addition to pure electrostatic gating using EDLs, researchers
are also looking into synaptic device concepts that combine EDL gating with electrochemical
reactions to achieve short-term and long-term plasticity. [85, 86]

The remaining three areas are EDL-gated non-volatile memory, EDLT using single-ion
conductor to enable strain control for phase transition, and EDLT with ion locking to enable
gateless reconfigurable doping, which will all be presented and discussed in detail in this

dissertation.
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1.7 Overview: 2D EDLTs Using Novel Ion Conductors

This work is motivated by combing the strength of EDL gating and 2D materials to
achieve new properties and functionalities, and will include our efforts on engineering ion
conductors and EDLTs for various applications in nanoelectronics. To engineer what is
happening between ions and 2D semiconductors within a few nanometers of the surface, we
need a molecularly clean 2D surface. However, this is actually quite challenging due to a
wide presence of lithography resist polymer residue remaining on 2D materials after device
fabrication. Therefore in Chapter 2, we characterize the polymer residue and measure its
impact on electrical properties of 2D materials and EDL gating strength. A contact-mode
AFM is used to remove the residue on the channel. The residue is not only a p-dopant, but
it also interferes with EDL gating, decreasing the maximum current by ~ 60%. The study
indicates the importance of a residue-free surface to the EDL gating, and also demonstrates
that AFM cleaning can restore 2D surface cleanness to its intrinsic state. The technique can

be extended to any new device functions that rely on interfacial phenomena of 2D materials.

Chapter 3 focuses on the development of a so called “monolayer electrolyte” to induce
bistability in a WSey EDLT as a non-volatile memory (NVM). In other words, the goal is
to introduce non-volatility in 2D EDLTs. Specifically, the monolayer electrolyte, invented
in our group, consists of cobalt crown ether phthalocyanine and lithium ions, and it has:
1) two stable states with a switching barrier to keep ions at their locations to achieve non-
volatility; and 2) a thickness scaled to single molecular layer to minimize switching time.
An On/Off ratio exceeding 10* was observed at a read voltage of 0 V, which is repeatable
over 1000 program/erase cycles; and the retention time for each state exceeds 6 hours (max
measured). The switching speed measurement shows that the On/Off ratio remains > 102
when the write time approaches 1 ms on the timescale as fast as existing flash memory.

In Chapter 4, the strain-induced semiconductor-to-metal phase transition is explored in
MoTe, by using a single-ion conductor (i.e., ionomer) synthesized by Prof. Eric Beckman
group with the ultimate goal of demonstrating lower-power 2D transistors. Anions in the
single-ion conductor are covalently bound to the backbone of the polymer, leaving only

the cations free to form an EDL at the negative electrode (i.e., channel) with a cationic
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depletion layer at the positive electrode (gate). Transfer characteristics show that the single-
ion conductor enhances n-branch in graphene and MoTe, FETSs, while suppressing the p-
branch due to inability of forming an anionic EDL. Our results also show that the single-ion
conductor-gated FETs can achieve a charge density that would theoretically be sufficient to
induce several percent strain in monolayer 2D crystals - work that is currently ongoing.

In Chapter 5, the “locking” of EDLs is demonstrated by polymerizing a doubly polymer-
izable ionic liquid (DPIL) synthesized by Prof. Jennifer Laaser group. This concept is proven
on graphene where a gateless lateral p-n junction is created and fixed by locking EDLs via
UV-light polymerization of DPIL. On DPIL gated 2D EDLTS, preliminary results also show
that both cationic and anionic EDLs can be locked at the electrolyte/semiconductor inter-
face. And the EDL doping retention time after locking exceeds 10° s at room temperature.
In addition, we introduce a thermally labile Diels-Alder linkage in polymerizable ionic liquid
to enable EDL unlocking. This work has seeded plans for a future project wherein the ions

can be both locked and released via an electric field, for application in hardware security.
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2.0 Impact of Post-lithography Polymer Residue on the Electrical
Characteristics of MoS; and WSe, Field Effect Transistors

Published in: Jierui Liang, Ke Xu, Blaec Toncini, Brian Bersch, Bhakti Jariwala,
Yu-Chuan Lin, Joshua Robinson, and Susan K. Fullerton-Shirey (2019). “Impact of Post-
Lithography Polymer Residue on the Electrical Characteristics of MoSy and WSey Field
Effect Transistors.” Advanced Materials Interfaces, 6(3), 1801321.

2.1 Motivation

2.1.1 A Wide Existence of Polymer Residue on 2D Crystals

When devices based on 2D crystals are fabricated using e-beam and optical lithography;,
e-beam resist such as poly (methyl methacrylate) (PMMA), [87-89] and photo-resists such
as MicroChem LOR, PMGI, and Megaposit SPR 3000 series are widely used. [32, 55, 81]
In addition, polymers like PMMA are used as stamps to transfer flakes for stacking van
der Waal heterostructures, [90,91] and as substrates for transferring 2D materials grown
by chemical vapor deposition (CVD). [92-95] Device fabrication and 2D layer transfer that
requires applying polymer and removing it leaves residue on the surface — typically a few
nanometers thick — which can be detected by AFM and transmission electron microscopy

(TEM). [96-99]

2.1.2 Adverse Effects on Electrical Properties and EDL Gating

The residue can interfere with surface characterization, material deposition, and access
by adsorbates, as well as degrade the physical, electrical, and optical properties of the 2D
crystals. Specifically, the polymer residue degrades FET performance by decreasing carrier
mobility and creating unwanted doping. For example, PMMA residue decreases mobility by

more than 50% in graphene due to carrier scattering, [97,100] and is also a p-dopant that
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can shift the threshold voltage (~ +3 to +19 V) for back-gated graphene FETs with the
gate oxide of 285 nm SiO,. [101,102]

EDL gating relies on ions migrating to within a few nanometers of the 2D crystal surface,
which would not be effectively achieved if a few nanometers of polymer residue exist between
the electrolyte and the channel — particularly if the polymer residue does not conduct ions.
Additionally, the residue will interfere with the coating uniformity or molecular arrangement
of the electrolyte when its thickness is scaled down to a few nanometers, comparable with
the residue (e.g., monolayer electrolyte in Chapter 3). Overall, it is reasonable to expect that
a residue-free surface is important for accessing the highest EDL gate capacitance density

possible, yielding the best gate control.

2.1.3 Challenges in Residue Cleaning on 2D Semiconductors

Several methods to clean the residue — especially PMMA — have been reported. Ther-
mal annealing in Ar/Hy, forming gas, or vacuum is the most commonly used method to
decompose and desorb PMMA residue. [103,104] But TEM images show that the annealing
often does not remove the residue completely. [100] Solvent cleaning can only remove bulk
PMMA; [105] laser, plasma, UV /ozone cleaning are challenging to be extended to TMDs,
which can cause etching or oxidation. [97,106-108] In contrast, a mechanic approach is to
use an AFM tip to “sweep” the polymer residue off the surface in contact mode. [109,110]
It has been applied to graphene and can restore the carrier mobility of graphene after the
cleaning. [111] For 2D semiconductors like TMDs, however, there is no report on using the
AFM cleaning on FETs nor analyzing the impact of polymer reside on the electrical prop-
erties and EDL-gating on TMDs. Thus, in this work, the electrical device characteristics of
EDLTs are measured for two representative TMDs — MoS, and WSe; — with and without

polymer residue.
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2.2 AFM Cleaning and Characterization

Polymer residue was removed by scanning the desired region of the 2D crystal using
AFM contact mode (Figure 4) (see also Appendix section A.3). A relatively stiff AFM tip
(SCM-PIT-v2, measured force constant 2.37 N m~!) is used to sustain the mechanical force
that pushes the polymer residue out of the scan region, as shown in the partially cleaned
WSe, surface in Figure 4 (b). Deflection setpoint of 1.33 V for contact mode is found to be
the optimal value to achieve a clean surface (see Appendix Figure B1). The normal force
(F) applied from the tip to the surface is estimated as 104 nN by F' = kd(s - so), where k is
the force constant of a SCM-PIT-v2 tip (measured as 2.37 N m™!), d is deflection sensitivity
(measured as 33.0 nm V'), s is the deflection setpoint (1.33 V), and s is the deflection

point when the tip is not touching any surface (measured as 0.0 V).

= i
CVD-grown WSe2 !

S D) (AFM contact mode Polymer

e scanning region) residue

Height Sensor 800.0 nm

Figure 4: AFM cleaning using the contact mode. (a) Schematic of AFM contact mode
cleaning and (b) a representative AFM image of a partially cleaned, CVD-grown WSes with poly-
mer residue remaining from the lithography process. The cleaning was performed by AFM contact
mode with 1.33 V deflection setpoint. ScanAsyst mode (peakforce tapping) was used to image the
surface after cleaning.

To demonstrate the use of AFM cleaning on FETs fabricated with both e-beam and
photo-lithography on various 2D crystal channels, three different types of FETs including
exfoliated MoS, and WSe, FETSs (fabricated by e-beam lithography), and CVD-grown WSe,
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FETs (fabricated by photo-lithography) were cleaned with AFM contact mode. The scan
region was set to be larger than the length of the FET channel to push the residue off the
channel. Topography was characterized before and after cleaning. Figure 5 shows optical
and AFM images of one out of six devices before AFM cleaning and after for each type of
FET. The polymer residue is significant on all the as-fabricated devices. As an example, the
residue features on the as-fabricated exfoliated MoS; FETs shown in Figure 5 (c) are 2 - 3
nm, confirmed by the line scan shown below the figure. Figure 5 (d) shows that the PMMA
residue was removed by AFM contact-mode cleaning. The root mean square roughness
(Rq) decreases from 1.56 % 0.13 nm as fabricated to 0.24 £ 0.05 nm after the cleaning (for
reference, Rq of the freshly cleaved MoS, is 0.23 £ 0.03 nm). Similar results were observed
for AFM cleaning on exfoliated WSes and CVD-grown WSe,, where Rq decreased with AFM
cleaning from 0.79 £+ 0.05 nm to 0.25 £+ 0.02 nm (exfoliated), and from 0.64 + 0.03 nm to
0.34 + 0.02 nm (CVD-grown). An AFM image of a partially cleaned CVD-grown WSe; FET
is also shown in Appendix Figure B2, and the line scan indicates that the polymer residue
thickness removed by AFM is ~ 1.2 nm. And the cleaning performance was also confirmed
by AFM quantitative nanomechanical mapping (QNM) (Appendix Figure B3) and Raman
spectroscopy (Appendix Figure B4 and B5).

The overall results shows that AFM contact-mode cleaning is effective in removing poly-
mer residue both from e-beam and photo-lithography, and can restore both exfoliated and

CVD-grown 2D crystals to their original surface topology.
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Figure 5: Device schematics, optical images and AFM scans of three representative
FETs. Device cross-sectional schematics of (a) exfoliated MoSy FET, (e) exfoliated WSey FET,
(i) CVD-grown WSey FETs. Optical images of (b) MoSa, (f) WSez, and (j) CVD-grown WSes
FETs. AFM images of (c) MoSz, (g) WSesz, and (k) CVD-grown WSes FETSs as fabricated with
post-lithography residue, and (d) MoSs, (h) WSes, and (1) CVD-grown WSey FET's after the AFM
cleaning. The blue boxes on AFM images indicate the location over which the roughness (Rq) was
calculated. The blue lines on AFM images are the positions of line scans, and the corresponding
scans are provided below the AFM images.
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2.3 Electrical Measurements on Back-gated WSe; FET's

Before moving on to EDL gating, back-gated FETs without electrolytes were first mea-
sured to learn how the residue and the AFM cleaning process may affect the intrinsic electrical
properties of the 2D materials (e.g., if the mechanical AFM force during the AFM scanning is
too strong, mechanical damage such as small pinholes may be introduced which will degrade
channel conductivity). And if the cleaning process is non-destructive, then it is important
to quantify the improvement after removing PMMA residue on the electrical characteristics
such as threshold voltage and electron mobility. It is also instructive to compare the effect
of AFM contact mode cleaning to vacuum annealing — one of the most commonly used

methods to remove surface residue. [100, 103, 104]

Therefore, back-gated WSey, FETSs were first fabricated from exfoliated flakes, and then
annealed in vacuum (400 K, 2 x 107¢ Torr, 4 h), and lastly cleaned by AFM contact mode,
with topology and transfer characteristics measured after each step. The results of one WSe,
FET are shown in Figure 6. For this device, the maximum drain current (Ip) at Vgg = 430
V increases by 27% from 0.26 to 0.33 pA after vacuum anneal, and further increases by 48%
to 0.49 pA after AFM cleaning. The AFM images (insets of Figure 6) indicate that PMMA
residue was not fully removed by vacuum anneal at 400 K but was successfully removed
after AFM cleaning. The surface roughness (Rq) decreases slightly from 1.22 4+ 0.03 nm
to 1.11 + 0.03 nm after vacuum anneal, but decreases significantly to 0.33 £+ 0.04 nm after
AFM cleaning. Based on the AFM images and the electrical data, the improvement in the
maximum current after vacuum anneal is more likely the result of improved contact between
the metal and the semiconductor, [112] rather than the removal of PMMA residue from
channel. In contrast, the improvement in the electrical characteristics after AFM cleaning
can be directly attributed to the removal of PMMA. These results show that AFM contact
mode cleaning is more effective than vacuum annealing in removing PMMA residue.

Six additional back-gated WSey FETs (flake thickness ~ 3 - 9 nm) were measured before
and after the AFM cleaning to quantify the effect of PMMA residue on the electrical prop-
erties. The results are summarized in Table 1. The threshold voltage (V¢,) moves toward

negative Vpg after cleaning (average AVy, = -3 V). A negative (n-type) threshold voltage
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Figure 6: Transfer characteristics and AFM images of a back-gated WSe, FET at
three states. As fabricated (black line), after vacuum anneal (blue line), and after AFM cleaning
(red line). The blue boxes and lines on AFM images are the positions of roughness measurements
and line scans, respectively.
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shift can be attributed to the removal of PMMA residue, which has been reported to cause
p-type doping in 2D materials. [102] The charges induced by PMMA doping (AQ) can be
estimated as AQ = C,, AVy,, where C,, is the capacitance of the back-gate dielectric SiOq
(38.37 x 1072 F em™2 for 90 nm of SiO,). The corresponding sheet charge carrier density
(ng) induced by the p-type doping of PMMA residue is then calculated by ny = AQ /e, which
is 7.2 x 10" ¢cm~2 for back-gated WSe, FETs. Additionally, the maximum drain current
for WSey FETSs at Vg = +30 V increases by 136% on average after the cleaning, which is

in accordance with the results in Figure 6.

Table 1: Transfer characteristics of back-gated WSey, FET before and after cleaning

Electron Electron
v Charge Mobilit Mobility 155) in-
Channel th 85 1y, after | Vyp, shift density obrIty, p o [em? crease
WSe2 fabri- u [em? Ap [cm?
thickness cleaning AVyy, increase 1 V-1 Tt (%) at
FET cated V—lsT] v—ls™1]
[nm] [V] (V] (V] ns as fabri- s™1] Vee =
[em™2] after +30 V
cated .
cleaning
Al 8.5 420.6 +18.6 22,0 ‘1%811 1 61.9 69.3 474 43%
A2 6.0 241 +19.4 47 }6111 * | 324 37.7 +5.3 148%
A3 5.2 +24.1 +20.2 -39 ?6311 1179 21.4 +35 269%
A4 42 1232 +21.9 -1.3 ?6111 * | 315 36.9 +5.4 76%
A5 5.0 123.0 +21.8 S1.2 fé)u X1 340 36.8 128 50%
A6 3.2 +24.2 +19.4 -4.8 16111 174 18.3 +0.9 230%
Average | 5.4 + 1.7 +23.2 + | +20.2 £ | -3.0 + | 7.2 x | 325 £+ |367 L+ | +42 £ | 136% =+
& ’ ’ 1.3 1.2 1.5 101t 14.8 16.5 2.1 88%

Moreover, the field-effect mobility p is extracted from the transfer characteristic by pu
= (1/Cyz)00/6V pg, where C,, is oxide capacitance of 90 nm SiOy and ¢ is the channel
conductivity that is defined as o = (L/W)Ip/Vps. L and W are the channel length and
width, respectively. The field-electron mobilities of as-fabricated WSey FETSs range from
17 to 61 cm? V~! 571 After cleaning, the mobilities of all WSe, FETSs increase by 13.1%,
with an average increase of 4.2 + 2.1 ecm? V~! s71, which is statistically significant (paired
t-test, p = 3.2 x 1073 < 0.05). Increased mobility after cleaning has also been observed
on graphene, [110] and is attributed to removing polymer fragments and charged species

together with adsorbed water and oxygen which cause the carrier scattering.
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Regardless, the combination of AFM, Raman, and electrical measurements prove that
the AFM cleaning technique is non-destructive, and the polymer residue is found as a p-
dopant, causing unwanted threshold voltage shift (Vy,) and degrading the mobility and
maximum current. Therefore, removing the residue is necessary to restore the intrinsic

electrical properties of WSey and other TMDs (more details in our paper [113]).

2.4 Effect of Polymer Residue on EDL-gated CVD-grown WSe; FETs

To investigate the impact of polymer residue on EDL gating, a uniform CVD-grown
epitaxial WSey was used, because EDL gating is commonly used for CVD grown 2D crystals
that cannot be backgated due to insulating substrates such as sapphire. In addition, the CVD
grown sample can minimize the device-to-device variation. Therefore, FETs were fabricated
on CVD-grown WSe, on sapphire and gated using a polyethylene oxide (PEQO)74:CsClOy as
the electrolyte.

Schematics of the EDL-gated WSey; FET cleaning treatments are shown in Figure 7
(a). The transfer characteristics of the uncleaned samples are shown as dotted lines (labeled
as 1°" scan) in Figure 7 (b) — (e). Note that the data is shown on a linear scale in Figure
7 (b) and (c) and on a log scale in (d) and (e). The FETSs share a similar threshold voltage,
Vi ~ 2.5 V, and maximum currents ranging from 0.9 - 6.2 yA at Vg =4 V.

To determine the impact of polymer residue, the electrolyte was removed by acetonitrile
to expose the WSe, channel (Figure 7 (a)), and then cleaned with contact-mode AFM. After
cleaning, the electrolyte was re-deposited, and transfer characteristics were measured for
a second time shown as solid lines (i.e. 2"? scan) in Figure 7 (b) and (d). To isolate any
contribution caused by the removal and re-deposition of the electrolyte, we conducted control
experiments where the electrolyte was simply removed with acetonitrile and re-deposited
without AFM cleaning (see also Appendix section B.1.4). That is, the samples experienced
identical electrolyte treatment, but without removing the polymer residue. The remeasured
transfer curves of the control FETs without removing polymer residue are shown as solid

lines in Figure 7 (c) and (e).
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Figure 7: Transfer characteristics of top-gated CVD WSe, FETs with PEO:CsCl0,
electrolyte. (a) Schematics of control experiments with the sequence of transfer characteristics,
removal and re-deposition of electrolyte, and AFM cleaning. Transfer curves of CVD-grown WSes
as fabricated with electrolyte (dotted line) and after cleaning polymer residue (solid line) are shown
in (b) linear scale and in (d) log scale. The control FETs after re-depositing electrolyte without
AFM cleaning (solid line) are shown in in (c) linear scale and in (e) log scale. L1-L5 (M1-M5)
correspond to six different devices with (without) AFM cleaning, respectively.
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Similar as backgated devices, after removing polymer residue (solid lines in Figure 7 (b)
and (d)), all five FETs exhibit a negative threshold voltage shift (AVy, = -0.7 £ 0.2 V),
corresponding to a charge density change of about 4.5 x 10'2 cm ™2, indicating again that the
residue is p-dopant. The mobility increases by 1.7 & 0.2 em? V~! s71 after polymer residue
removal, which is similar to the back-gated WSey; FET's discussed above. More importantly,
the maximum drain current after cleaning increases by 247% on average. In other words, the
presence of the residue on CVD WSe; before cleaning degrades the maximum current in EDL
gating by ~ 60%. For the control FETs without cleaning (Figure 7 (c) and (e)), however,
there is no statistically significant difference in the threshold voltage shift or maximum
drain current between the measurements after each of the two electrolyte depositions. This
suggests that the removal and re-deposition of polymer electrolyte will not cause irreversible
change to the channel material, and the consistent trend of negative threshold voltage shift
and maximum drain current increase after cleaning should be attributed to the removal of
the polymer residue.

The improved performance (i.e. 247% increase in maximum current) after cleaning comes
from two portions: 1) improved intrinsic properties (i.e. less p-doping and increased mobility)
of the channel; 2) ions achieving a closer proximity to the channel after the cleaning. If
assuming all the improvement is from the change by doping (AVy,) and mobility (u), the
maximum current can only increase by 97%, which is calculated by Ip = u(W/L) Cgpr(Vg —
Vir)Vps, where Cgpy is the EDL capacitance (~ 1 x 107¢ F ecm ™2 for PEO:CsC10, polymer
electrolyte). This is less than half of the observed the increase (247%), and therefore, the
improvement should be attributed more to the closer ion to channel proximity.

These results suggest that to achieve the highest possible field-effect modulation with
EDL gating, it is important to remove the polymer residue at the channel surface using a

non-destructive method such as AFM contact mode cleaning.
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2.5 Conclusion

Successful removal of post-lithography polymer residue using contact mode AFM has
been demonstrated on TMDs like WSey and confirmed by AFM topology measurements
and Raman spectroscopy. By comparing the electrical device performance before and after
cleaning, the residue remaining on the channel after the lithography process is confirmed to
be a p-dopant and its removal can improve channel conductivity, mobility, and charge density
of FETs. More importantly, the increase in maximum current for EDL-gated WSe, FET's
suggests that removal of residue by AFM provides closer access for the ions to reach the
surface of the channel, thereby increasing the EDL gate capacitance. While this approach
is not scalable in its current form, AFM cleaning is especially useful for 2D EDLTs where
a near molecularly clean surface is required (e.g., monolayer electrolyte gated EDLTSs to be
discussed in the next Chapter), and for EDL gating to achieve the best possible electrostatic
gate control. Another advantage of AFM cleaning from a scientific standpoint is the ability
to isolate contributions from a nanometer-thin soft layer, if it can be scratched away, in well-
defined locations on the device (e.g., channel vs contacts), which is potentially beneficial for

benchtop research of novel functional organic coatings for electronics.
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3.0 Molecularly Thin Electrolyte for All Solid-State Non-volatile Two-

Dimensional Crystal Memory

Published in: Jierui Liang, Ke Xu, Maokun Wu, Benjamin M. Hunt, Wei Hua Wang,
KyeongjaeCho, and Susan K. Fullerton-Shirey (2019). “Molecularly Thin Electrolyte for All
Solid-State Non-volatile Two-Dimensional Crystal Memory”, Nano Letters, 19(12), 8911-
891912.

3.1 Motivation

3.1.1 1T Non-volatile Memory

The most popular non-volatile memory (NVM) is floating-gate flash memory (e.g., NAND
and NOR Flash). [114,115] Non-volatile refers to that the memory cell can still hold its state
without the electric field. Flash uses a one-transistor (17T) cell structure where a field-effect
transistor (FET) serves both as the cell selector and the storage node. The 1T architec-
ture exhibits better scalability and more simple integration than the one-transistor, one
capacitor (1T1C) structure and the one-transistor, one-resistor (1T1R) used in, for example,
dynamic random-access memory (DRAM) and resistive random-access memory (ReRAM),
respectively. [115] Compared to Flash memory which requires > 10 V to inject and with-
draw electrons from a floating gate, [116] emerging NVMs show promise for energy-efficient
switching, speed, and write endurance. [114-117] But NVMs also encounter challenges to
achieve a 1T architecture, except for ferroelectric FETs (FeFETs) and negative capacitance
FETs (NCFETSs). [118-120]

This work is motivated by a new 1T NVM concept that uses ions to program and hold
the polarization state of an electrolyte that is a single molecule thick. The device, referred
to as monolayer electrolyte random access memory (MERAM), resembles the FeFET and

NCFET because it also relies on polarization switching, but offers the potential to integrate
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the mechanical and electrical properties of two-dimensional (2D) crystals. [26-28,31,121] For
example, in the area of flexible nanoelectronics, MERAM avoids the challenges of growing

oxides on flexible and 2D surfaces that are free of dangling bonds. [12,42,122]

3.1.2 Monolayer Electrolyte Properties and Potentials

The operating mechanism of the MERAM is the modulation of channel resistance by
EDL formed at the interface of the channel and the monolayer electrolyte. [123-126] The
monolayer electrolyte consists of cobalt crown ether phthalocyanine (CoCrPc) with four,
15-crown-5 ethers covalently bonded to a cobalt-substituted phthalocyanine (see Figure 8
(a)). [123-127] Each crown ether (CE) can solvate one LiT. CoCrPc is solution processable
as desired for high-throughput deposition and printable circuits. [2,6,123] The deposition
is achieved by simple drop-casting and annealing, and the CoCrPc molecules can form a
flat and ordered array on 2D materials including graphene, [126] MoS,; and WSe, (see also
Appendix Figure C1 and C2). And it has been demonstrated on highly oriented pyrolytic
graphite (HOPG) that the monolayer of CoCrPc is electrically insulating with a bandgap of
1.34 eV. [123]

Conventional electrolytes such as solid polymer electrolytes and ionic liquids/gels, are not
suitable for NVM, because a gate voltage must be continuously applied to hold the state of the
device, otherwise the ions diffuse away upon the removal of the field and the state is lost. For
the monolayer electrolyte, however, the bistability and non-volatility have been previously
demonstrated by us in graphene FETSs, which proves the existence of a switching barrier for
state retention. [126] Density functional theory (DFT) reveals two energetically favorable
configurations when the CE is positioned at the surface of a 2D material: 2D/Li"/CE and
2D/CE/Li*, where Lit is closer and further from the 2D surface, respectively. [124] Under
an applied electric field normal to the plane of the CE molecules, lithium ions overcome
an energy barrier of 0.3 eV to pass through the cavity of the CEs, switching from one
configuration to another and causing a change in the channel charge density and conductivity.
[125] The height of the energy barrier can be modulated by the strength of the applied field,

suggesting the possibility of sub-volt switching and long retention (i.e., years). [125,126]
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Moreover, the switching speed depends on the velocity of the ions, which is directly
proportional to the ionic conductivity and the electric field strength, and can be increased by
decreasing the electrolyte thickness. [2,54] Therefore, this new electrolyte with the thickness
scaled to a single molecular layer has the potential for faster switching on the time scale of

micro and nanoseconds. [54,126]

3.2 MERAM Mechanism and Device Fabrication

3.2.1 MERAM Mechanism

The structure of the monolayer electrolyte is shown in Figure 8 (a), and the two
stable configurations of the monolayer electrolyte are schematically illustrated in Figure 8
(b). [124,125] Under a negative back gate voltage, CE-Li* is pulled near the 2D channel,
forming an EDL at the interface and doping the channel n—type; this state is denoted as
the On-state where the Li" is stabilized by both the 2D surface and the CE. The Off-state
is created under positive back gate voltage where CE-Li™ is pushed away from the channel
reducing the n-doping.

To enhance the Off-state stability, a capping layer of h-BN is added such that the Li*
is stabilized by both CE and the h-BN. The degree of stabilization is estimated by DFT
calculations with and without h-BN, shown in Figure 8 (c). The most energically favorable
location of the CE-Li* complex on WSe, corresponds to Li* aligned directly above W atom
(Appendix Figure C3). In the Off-state, Lit experiences the adsorption energy (E,4) of -3.81
eV by CE and WSe,, which, however, increases to -5.15 eV by adding h-BN. Thus, h-BN
deepens the energy well of the Off-state by an additional -1.35 eV to stabilize Li* in the
Off-state configuration: WSey/CE/Li* /h-BN.
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Figure 8: Monolayer electrolyte structure and mechanism, and fabricated MERAM
device. (a) Structure of the monolayer electrolyte consisting of CoCrPc and four Li™ with one
in each crown-ether ring. (b) Side view of the two energetically favorable configurations of the
monolayer electrolyte. These two configurations correspond to the On- and Off-states; note that
the ether oxygens in the crown are positioned up or down along with the Li*. (¢) DFT results
for two Off-state configurations: (top) CE-LiT on WSes exposed to vacuum only, and (bottom)
CE-Lit on WSey capped by h-BN. (d) MERAM schematic. (e) Sideview of the WSes/monolayer
electrolyte/h-BN stack. (f) Optical image of the MERAM (false colored, Device 2). (g) AFM
scan of the WSey FET channel (Device 2) after AFM cleaning (left) and after CoCrPc deposition
(right), and corresponding line scans.
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3.2.2 Device Fabrication

To monitor EDL switching dynamics, MERAMs corresponding to Figure 8 (d) were
fabricated with stacks of WSey/monolayer electrolyte/h-BN as core structures (a sideview
in Figure 8 (e)). An optical image of one device (false colored) is shown in Figure 8 (f).
Few-layer WSe, (thickness ~ 3 — 8 nm) flakes were exfoliated and source/drain contacts were
patterned by electron-beam lithography (EBL) and metal evaporation. EBL resist residue
(~ 1 -2 nm) was removed from the WSey channel by atomic force microscopy (AFM) in
contact mode. [113] A residue-free WSe, surface is essential for the MERAM because the
molecular arrangement of the monolayer electrolyte will be disrupted by a few nanometers
of polymer residue. Note that the cleaning does not degrade the maximum current and
mobility of the WSey, FET (Appendix Figure C5). An AFM image of the cleaned WSe2
FET channel is shown in Figure 8 (g), where the surface roughness is reduced from 0.82 +
0.02 to 0.23 4+ 0.04 nm, as shown in Appendix Figure C5.

A monolayer of CoCrPc is deposited on WSey FETs by a drop-casting and annealing
in the Ar-filled glovebox, [123,126], where the CoCrPc dosage and annealing temperature
are optimized for WSey (Appendix Figure C2). AFM scans (also inside the glovebox) of
the WSey FET after CoCrPc deposition is shown in Figure 8 (g), with corresponding
line scans at the same channel location before and after deposition. The height difference
corresponds to the thickness of the monolayer electrolyte (~ 0.5 nm), which is in good
agreement with the previously reported value. [123] In accordance with previous scanning
tunneling spectroscopy (STS) measurements of CoCrPc on HOPG, [123] conductive AFM
confirms that the CoCrPc layer is electrically insulating (Appendix Figure C6). Finally, a
dry flake transfer method was used to encapsulate WSe,/monolayer electrolyte with ~ 9 —

10 nm of h-BN in a nitrogen-filled glove box. [90, 128§]
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3.3 Transfer Characteristics and Programming Tests

The devices were transferred from the glovebox to a vacuum probe station (pressure ~
2x 1078 Torr) in an Ar-filled a stainless-steal suitcase to avoid any interference from ambient;

and were then measured by a Keysight B1500A semiconductor parameter analyzer.

3.3.1 Programming and Sensing Protocol to Monitor the Subthreshold Voltage
(Vs)

The On- and Off-states of the MERAM are monitored by measuring voltage shifts in
the transfer characteristics; the magnitude of the shifts are the most significant in the sub-
threshold region. Because the MERAM has a switching mechanism that is unique compared
to the FeFET or NCFET, the terminology for describing switching of a ferroelectric cannot
be applied here. Thus, to track the On- and Off-states of the MERAM, we calculate the
minimum subthreshold swing (SS) over at least two decades of current, and track the sub-
threshold voltage (V) which is defined as the smallest voltage within the SS voltage window
(location of V indicated in Figure 9). Details of the SS calculations and corresponding Vs
values are both provided in Table 2 and Appendix section C.6, with V, highlighted as dots
on the transfer curves.

To track shifts in Vy, the drain current (Ip) is measured as a function of back gate voltage
(Ve) before and after programming, as shown in Figure 9 (a). Representative examples of
transfer curves corresponding to the unprogrammed condition, and two programmed states
of the monolayer electrolyte without the h-BN capping layer are shown in Figure 9 (b). The
first transfer scan is a double sweep to record the original location of V in an unprogrammed
device (black curve, Figure 9 (b)). A positive programming voltage (Ve = 430 V) is applied
to push LiT away from the WSe, channel surface, and a single Ip-Vpg sweep is initiated
immediately after programming to capture the positive (p—type) shift in Vg (red curve,
Figure 9 (b)). Last, a negative programming voltage (Vpe = - 30 V) is applied to attract
Lit to the channel surface and induce electrons in WSey. The single Ip-V g sweep shows

an n—type shift of the V; (blue curve, Figure 9 (b)).
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Figure 9: MERAM transfer characteristics and programming tests (a) Programming
and sensing protocol: (1) initial double transfer sweep (Vpgs = 20 mV, 7.5 V/s) to monitor Vs and
hysteresis in the unprogrammed condition, (2) programming the device Off with Vpg = +30 V,
(3) single sweep (7.5 V/s) to sense Vg (red dot on the curve), (4) programming the device on with
Vpa=-30 V, and (5) another single sweep to sense V; (blue dot on the curve). Note that V; is the
sub-threshold voltage, which is distinct from the threshold voltage, Vi, which is used for charge
density calculations. (b) Resulting transfer scans following the programming and sensing protocol
for WSey/CE-Li* (without h-BN, Device 1). (¢) Transfer curves for the same device before (black
dash) and after (yellow lines and dash) programming with only the monolayer electrolyte, and after
(green lines and dash) programming with the monolayer electrolyte/h-BN stack. For comparison,
the additional leakage current (Ip'°®*) after adding h-BN is subtracted on the right y axis, with the
original data shown in the inset. Three single sweeps were taken after each programming (7.5 V/s).
The magnitude of threshold voltage shift is highlighted by shading the opening of the memory
window. (d) The potential energy of Lit in the monolayer electrolyte in the Off-state at 0 V of
the applied field is schematically illustrated for the stacks without h-BN (i.e., exposed to vacuum)
and with h-BN (top and bottom, respectively).

37



3.3.2 On- and Off-state Detected Before and After Adding Monolayer Elec-
trolyte

To distinguish shifts in the transfer curves due to the monolayer electrolyte switching from
the charge trapping/detrapping at the WSey/SiO, interface, [129,130] programming tests
were conducted on the same WSey FET before electrolyte deposition (Appendix Figure C7).
The hysteresis in the double-sweep transfer characteristics of bare FETs are approximately
equal before and after “programming.” That is, the change in V, (AVy) equals ~ 6.0 V before
and after programming (Table 2), showing that the bare FET is unaffected by programming.

With the monolayer electrolyte deposited on the channel, AV, increases by a factor of
2.4 to ~14 V (Figure 9 (c), yellow lines and dash, three repeats). A shift of V4 to more
positive (negative) voltages corresponds to the Off-(On) states of the electrolyte. The state
switching results in a charge density change (Ans) of 1.8 x 10 cm™2 (estimated from the
threshold voltage shift, AV,,, Table 2), which is 419% of the change induced by charge
trapping/de-trapping (An, = 4.3 x 10! cm™2) on the bare FET.

Table 2: Summary of transfer characteristics of the WSey, FET

Vs Vs Vs Zésit?\f;er Xetg};ba?if\tfir Threshold | Charge gli"l:nt
WSez SS (off) | SS(on) (off) (om) shift oeTAI. - voltage density 1 ratio
FET [V/dec] | [V/dec] V] V] AVyp Eﬁngg Elingg shift change ng a? Vae =
?%rTe 3.1 5.5 -23 | -83 | 60 +19.1 +17.3 1.8 4.3 x 101 | 11.6
Add
CoCrPc | 4.5 4.8 -2.0 -16.2 | 14.2 + 16.5 + 8.9 7.6 1.8 x 1012 | 84.4
+ Lit
Add
h'BN 1.0 3.6 +9.0 | -18.0 | 27.0 + 12.6 + 2.1 10.5 2.5 x 1012 | 2.2 x 10*
capping
layer

3.3.3 Improved On- and Off-state After Adding h-BN

While the increased transfer curve shift (i.e., larger AV,) with the monolayer electrolyte
alone is encouraging, the On/Off ratio at a zero read voltage (i.e. Vpg = 0 V) is quite

small (< 10%). The On/Off ratio could be increased by having a more stable Off-state with
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a more p—type shifted V, after positive programming. As mentioned above in Figure 8
(c), DFT calculations indicate that a cap of h-BN will deepen the energy well of the Off-
state in the absence of an applied electric field (Figure 9 (d) and Appendix section C.3).
Therefore, the device is capped with h-BN (~ 9 nm, 19 layers), and the transfer curves after
programming are shown in Figure 9 (c) green lines for On-state, green dash for Off, three
repeats). The AV, after positive/negative programming is ~ 27 V with the addition of
h-BN. The corresponding carrier density change also increased to 2.5 x 10*? cm ™2, which is
139% of that with only monolayer electrolyte (yellow lines and dash), and 580% of the change
induced by charge trapping/de-trapping on bare FET. More importantly, after adding h-BN,
the FET is completely turned off at Vg = +9 V after the positive programming, resulting
in a lower Off-state current at Vg = 0 V. The On-state current also increased due to the
improved sub-threshold swing (from ~ 4.8 V/dec before to 3.6 V/dec after adding h-BN).
Overall a larger On/Off ratio (~2.2 x 10%) is achieved for the MERAM capped with h-BN
(read at Vg = 0V, Table 2).

Furthermore, bistability from the monolayer electrolyte was also observed on back-gated
MoSs FETs (Appendix Figure C10), demonstrating that the observations made here extend
to other TMDs.

3.4 Program/erase Pulse Tests: Endurance and Retention

The dynamic characteristics of the MERAM and the stability of states are studied
through a series of pulses tests. First, the MERAM was dynamically and repeatedly pro-
grammed and erased by pulsing Vs + 30 V with 1 s pulse width (Figure 10 (a)). After
each program/erase pulse, the device was read at Vpg = 0 V for 10 s. In Figure 10 (a),
the readout Ip of seven consecutive program/erase cycles are shown for the MERAM with
and without h-BN. Without h-BN, while two distinct values of I are detectable after each
program/erase cycle, the On-state current is only ~1.1 times larger than the Off-state. In
contrast, when h-BN is added, the On-state is nearly 10° times larger than the Off-state,
showing that the h-BN stabilizes the Off-state.
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Figure 10: Program/erase and retention measurements. (a) Ip after alternating pro-
gram/erase voltage pulses on Device 1. Top: program (Vpg = -30 V, green)/erase (Vpg = +30
V, grey) voltage profile with voltage applied for 1 second and readout for 10 seconds at Vpg =
0V; Vps = 500 mV. Bottom: corresponding readout current, Ip, without and with h-BN capping
layer. (b) Program/erase endurance test. 1000 cycles of program/erase with pulse width of 1 s
and readout time of 10 s. (c) Retention test. Program/erase with 1 s pulse and Ip monitored for
6 hours. The Off-state current increased in the first five hours then remain stable. Inset schematic
show the predicted relaxation of Lit (new location indicated by dashed line) when the back gate
is grounded, providing a possible explanation for the increase in the off current with time.
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MERAM endurance was evaluated by repeating the program/erase pulse tests for 1000
cycles (Figure 10 (b)). The On/Off ratio is maintained > 10* throughout the measure-
ments, indicating that the On/Off states are repeatable and consistent, and the bistability
persists at least to 1000 cycles. An identical 1000 cycle endurance test was performed on the
MERAM without h-BN, which also shows the persistence of two distinct resistance states
but with a smaller On/Off ratio (Appendix Figure C11).

To evaluate the retention of the two states after program/erase, a six-hour retention
test was conducted as shown in Figure 10 (c¢). The device was programmed/erased for
1 s, the back gate then grounded, and Ip monitored for six hours. The initial On/Off
ratio is ~ 10° which decreased to ~ 103 during the initial 270 min, and then stayed almost
constant afterwards. The decay is mostly due to the gradual increase of the Off-state current,
which was also observed previously on monolayer electrolyte-coated graphene FETs. This
observation was attributed to the relaxation of Li* after removing the field. [126] That is,
the ion is held more closely to the 2D surface when the field is applied, but when the back
gate is grounded, the ion will relax back to an energetically favorable location that is further

from the surface (inset, Figure 10(c)).
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3.5 Switching Speed and Voltage

In the measurements described above, + 30 V programming voltages and one second
to five-minute programming times were used; however, these values were not optimized and
therefore do not reflect any intrinsic limitations. To investigate how the On/Off ratio varies
with voltage pulse width, we repeated the program/erase pulse test using + 20 V program
voltage and with pulse widths ranging from 10 s to 1 ms (the limit of our equipment).
Figure 11 (a) shows the Ip of the On- and Off-states as a function of pulse width. The
On and Off currents remain constant with ratio of nearly 10° from a pulse width between
0.3 and 10 s. For pulse widths < 100 ms, the On/Off ratio decreases, and at 1 ms it is
reduced to 3.4 x 10%. Note that although not accessible with the existing instrumentation,

the switching speed of the monolayer electrolyte is predicted to be in nanosecond timescale

by DFT calculations. [125]
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Figure 11: Program/erase measurements as a function of pulse width and voltage.
(a) (Device 1) Ip of the On- and Off-states in response to program/erase voltage pulses where the
pulse width is varied from 1 ms to 1 s. (b) (Device 2) Ip of the On- and Off-states with varying
the program and erase voltages from + 5 to + 30 V (absolute values of I plotted). For both (a)
and (b), data at each point are averaged over 12 program/erase cycles with the error bar indicating
one standard deviation from the mean.

To study the relationship between On/Off ratio and field required to switch the device,
the On- and Off-states are monitored while varying the Vs (1 s pulse width, Figure 11
(b)). Note that the results in Figure 11 (b) is for Device 2. For this device, program/erase
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at £ 5 V is insufficient to switch the MERAM in the current backgated device geometry.
Starting from 4+ 7 V the two states become distinguishable, and the On/Off ratio continues
to enlarge with the increase of program/erase voltage up to £+ 13 V. The increase of On/Off
ratio mostly comes from the decrease of Off-state current. In fact, further increasing the
program voltage from 7 V to 30 V leads to a relatively small increase of On-state Ip from
0.43 pA/pm to 0.80 A /pum. However, increase erase voltage from 7 V to 30 V caused the
Off-state Ip to decrease from 0.23 pA/pum to 2.3 x 1075 pA/um, which is a change of five
orders of magnitude. We also noticed that once the magnitude of the erase voltage exceeds
13 V, the Off-state current stays almost constant. These results are very interesting because
it confirms the existence of an energy barrier — the minimal energy required to push Li™
through the diffusion barrier and fully switch the MERAM from one state to the other.
Note that in our backgated geometry, the electric field strength that reaches the electrolyte
is smaller than would be achieved in a top gated geometry due to 90 nm of back gate oxide
and the field-screening caused by the WSe, channel. Therefore, we expect a top-gated device

to reduce the required switching voltage.

3.6 Conclusion

In conclusion, we have demonstrated a new, 1T NVM concept - MERAM based on EDL
gating of a WSey/monolayer electrolyte/h-BN stack. The custom-designed monolayer elec-
trolyte consists of cobalt crown ether phthalocyanine and lithium ions, and has a switching
barrier required for bistability. By capping the monolayer electrolyte with h-BN, bistability
is significantly improved due to the stablizing Off-state of the MERAM as predicted by DFT
calculations. The MERAM retains a stable On/Off ratio > 10* at a read voltage of Vpg =
0 V for at least 1000 cycles of programming/erase, and state retention for at least six hours
with On/Off remaining ~ 102. When the write time approaches 1 ms, the On/Off ratio
remains > 102, showing that the MERAM can respond on time scales similar to existing
flash memory. The data suggest that faster switching times and lower switching voltages

could be feasible by top gating.
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4.0 Using a Single-ion Conductor to Induce Strain in 2D EDLTSs for the

Semiconductor-to-metal Transition

Published in: Ke Xu, Jierui Liang, Aaron Woeppel, M. Eli Bostian, Hangjun Ding,
Zhongmou Chao, James R. McKone, Eric J. Beckman, and Susan K. Fullerton-Shirey (2019).
“Electric Double-Layer Gating of Two-Dimensional Field-Effect Transistors Using a Single-
Ton Conductor.” ACS applied materials & interfaces, 11(39), 35879-35887.

4.1 Motivation

4.1.1 Strain Engineering in 2D Crystals

2D crystals have the unique capacity to withstand extreme strain. The electrical and
optical properties of 2D crystals are strongly influenced by strain and therefore potentially
useful for electronic and optoelectronic applications. For example, strain can transform 2D
semiconductors from an indirect band gap to a direct band gap material with enhanced
radiative efficiencies, [131] or tune the emission wavelength. [132,133] In particular, under
sufficient strain, TMDs such as Mo- and W-dichalcogenides are predicted to undergo a
complete change of phase from the semiconducting 2H phase to the metallic 1T’ phase.
[134,135] Experimentally, phase transitions in MoTe; have been demonstrated by inducing
local strain using an AFM tip [136] and more recently, by inducing global strain via an
electric field applied to a ferroelectric substrate in contact with MoTey. [35] Dynamically
tuning the band gap in 2D crystals is not only fundamentally interesting but could be useful
for applications such as low-voltage transistors [137] and flexible electronics. [12] For these
applications, it would be desirable to create a gate dielectric that can achieve large gate

capacitance (e.g., 1 - 4 uF cm™2, [20] and induce strain locally via field effect.
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4.1.2 Inducing Strain in 2D EDLTs by a Single-ion Conductor

To induce the strain for the phase transition, we propose a new concept of single-ion
conductor-gated EDLT on TMDs. A single-ion conductor, or ionomer, is a type of ionic
electroactive polymer (EAP) that deforms in the presence of an applied electric field. The
anions in the single-ion conductor are covalently bound to the backbone of the polymer,
leaving only the cations free to move in response to an applied field. When polarized, an
EDL consisting of densely packed cations is created at the negative electrode, but there is no
corresponding anionic EDL at the positive electrode. In response to this imbalance, one side
of the single-ion conductor (near the negative electrode) undergoes longitudinal expansion.
The mechanism to induce strain using single-ion conductors has been well investigated for
ionic polymer metal composites (IPMCs), which are useful for biomimetic actuators and
artificial muscles. [138] In electronics, single-ion conductors have been used previously to
gate organic transistors [77,139,140] where the motivation for immobilizing one ion over the
other was to avoid electrochemical reactions within the organic channel. To our knowledge,
there has been no report directly comparing single- and dual-ion conductors with similar
chemistries in the same 2D crystal FETs or distinguishing the electrostatic gating effects
between cationic EDLs and cationic depletion layers on 2D crystals.

This work aims to show the first demonstration of a single-ion conductor multilayer 2D
crystal EDLT and to lay the groundwork for demonstrating flexible 2D FETs with new
functionalities induced by an EDL via strain. Experimentally, an ionically functionalized
polyester (synthesized by Prof. Eric Beckman’s group, via the condensation of poly(ethylene
glycol) oligomers with dimethyl 5-sulfoisoph-thalate salt [141]) to electrostatically gate both
graphene and MoTe2 FETs. To reveal the charge density imbalance in the single-ion con-
ductor, the EDL gating using the single-ion conductor will be compared to the back gating
through SiO, as well as the EDL gating using dual-ion conductors on the same FETs. Ex-
perimental results will be also compared with finite element modeling using COMSOL to

provide insight of the single-ion conductor gating.
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4.2 Mechanism of EDL Gating Using a Single-ion Conductor

The EDL-gated multilayer 2D crystal FETs use a side-gate geometry, as shown in Fig-
ure 12 (a). Graphene and MoTe; were mechanically exfoliated onto a p-doped Si substrate
with 90 nm SiO2 (used as a back gate). The source/drain and gate contacts (Ti/Au) were
patterned by electron beam lithography (EBL) with the side gate located 10 um away
from the channel. The solid-state single-ion conductor is poly(ethylene glycol benzene-
1,3-dicarboxylate-5-sulfoisophthalate lithium), abbreviated as PE400-Li, and the solid-state
dual-ion conductor is poly(ethylene oxide), abbreviated as (PEO):CsClO4. The chemical
structures of the dual- and single-ion conductors are similar and shown in Figure 12 (b).
The PE400-Li is a polyester with each repeat unit consisting of the ionic group, namely,
dicarboxylic 5-sulfoisophthalate, and a spacer of poly(ethylene glycol) 400, which provides
the same repeat unit as PEO. [141] Unlike PEO:CsClO4 where the anion, ClOy, is free to
respond to the applied field, the negatively charged functional group (SO3) in PE400-Li is
covalently bound to the polymer backbone, while the cation Lit is free to move under an
applied field. The ether oxygen to cation molar ratios are 76:1 for the dual-ion conductors
and 9:1 for the single-ion conductors. Differential scanning calorimetry (DSC) shows that
the single-ion conductor has a markedly higher glass transition temperature (Tg = 14.5 °C)
than the PEO:CsClOy electrolyte (Tg =-31.5 °C) (Appendix Figure D1), which is consistent
with the single-ion conductor having a larger salt concentration. [52] This difference in Tg
suggests that the single-ion conductor will have lower ionic conductivity than the dual-ion

conductor.
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Figure 12: Mechanism of a single-ion conductor gated EDLT. (a) Schematic of a 2D crys-
tal FET (either graphene or MoTey) that can be operated by using a back gate or a single/dual-ion
conductor using a metal side gate. (b) Chemical structures of the dual- and single-ion conduc-
tors: PEO:CsClOy4 (top row) and the ionically functionalized polyester (PE400-Li) (bottom row),
respectively. Anions are shaded in red and cations are shaded in blue. Schematics of the (c) dual-
ion conducting and (d) single-ion conducting FETs under two polarities. In the single-ion case,
only cations are mobile while the anions are bound to the polymer backbone and therefore fixed.
This immobility leads to cationic depletion regions (shaded in pink) at either the gate/single-ion
conductor (Vg > 0) or single-ion conductor/semiconductor interface (Vg < 0), depending on the

polarity of the applied field.
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When no voltage is applied, cations and anions are homogeneously distributed through-
out the electrolyte for both the single- or dual-ion conductors. The steady-state locations
of cations and anions under Vg > 0 and Vg < 0 are illustrated in Figure 12 (c,d) for
the dual-ion conductor and single-ion conductor, respectively. When a positive gate bias is
applied to a dual-ion conductor (Figure 12 (c), left), cations (Cs™) are driven to the channel
where they induce image charges (in this case, image charges are electrons) forming a cationic
EDL at the channel/electrolyte interface. An analogous anionic EDL will form as anions
(ClO; ) accumulating at the electrolyte/gate interface. When the polarity of the applied
bias is reversed, an anionic EDL forms at the channel and a cationic EDL forms at the gate
(Figure 12 (c), right).

For a single-ion conductor, shown in Figure 12 (d), a positive gate bias does not result
in an anionic EDL at the gate/electrolyte interface; instead, there exists a cationic depletion
layer (Figure 12 (d), left). When the polarity is reversed, the cation depletion layer forms at
the channel /electrolyte interface (Figure 12 (d), right). Crucially, the negative charge stored
by anions in the cationic depletion layer equals the positive charge in the cationic EDL,
while the volumetric charge density of anions in the depletion layer is fixed and smaller than
the volumetric charge density of the closely packed cations in the EDL. Thus, the depletion
layer requires larger thickness (or volume when considered in 3D) than the EDL to store
the same amount of charge. The presence of such a thick depletion layer also suggests that
the device geometry will affect the interface capacitance of devices gated by the single-ion
conductor because the depletion layer thicknesses will depend on the areas of both channel
and gate. In contrast, the EDL thickness is always the distance between the ion and channel
surface (i.e., < 1 nm) and is independent of the channel size. Nonetheless, a depletion layer,
albeit significantly thicker than the EDL, will still serve as a capacitor just with a smaller

capacitance density than the EDL. [77]
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4.2.1 COMSOL Multiphysics Simulations of Single-ion Conductor Gating

To understand how the ion and voltage distributions differ under an applied voltage
in a single-ion conductor compared to a dual-ion conductor and how their distributions
will change with respect to the device geometry, my labmate Aaron Woeppel modeled ion
transport using finite element analysis via COMSOL Multiphysics. A modified Nernst-
Planck-Poisson system of equations [142, 143 was solved for both single-ion and dual-ion
conductors in two parallel plate capacitor geometries: one with electrodes of equivalent
sized and another where one electrode is 10 times larger than the other (i.e., modeling the
FET scenario where the channel is smaller than the gate). Figure 13 shows the resulting
steady-state voltage distributions for applied voltages of equal and opposite polarities; the
voltage is applied to the right electrode with the left electrode grounded. We first consider
the scenarios where the electrodes have equivalent size (Figure 13 (a,b)). In the case of a
dual-ion conductor, anions and cations accumulate adjacent to their respective electrodes,
producing EDLs of equal charge and thickness. The result is a symmetric voltage profile
across the thickness of the capacitor where half of the applied voltage drops on each EDL
regardless of the voltage polarity (Figure 13 (a)), and the voltage drop through the bulk of
the electrolyte is nearly zero. In the case of the single-ion conductor, the majority of the
voltage always drops across the depletion layer, regardless of polarity. The voltage drop is
approximately 3 times larger across the depletion layer than the EDL, and the depletion layer
is also approximately 3 times thicker than the EDL (Figure 13 (b)).This result is sensible
when considering conservation of charge across the parallel plate capacitor. Charge (Q) is
expressed as Q = Vi Ciny = Vinreoe-A/d, where V,,,; is the voltage across the interface, Cj,;
is the interface capacitance, A is the area of channel, and d is the thickness of the interface
capacitive layer (i.e., thickness of EDL or the depletion layers). Thus, the thicker depletion
layer has lower interface capacitance and therefore requires a larger voltage drop to balance

the charge.
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Figure 13: COMSOL Multiphysics simulations of steady-state voltage distributions in
single- and dual-ion conductors during EDL gating. The Steady-state voltage distributions
and the corresponding device schematics showing ion positions for both (a, ¢) dual-ion and (b, d)
single-ion conductors in two parallel plate capacitor geometries: electrodes of equal size (upper
row) and electrodes of unequal size where the right electrode is 10 times larger than left (bottom
row). Note that the schematics are not drawn to scale. Either +1 V is applied on the right-side
electrode. Cation and anion layers are highlighted in blue and red, respectively. The anion EDL
(dual-ion) or cationic depletion layer (single-ion) thickness differences are illustrated qualitatively.
Specifically, for the dual-ion conductor, the anionic EDL layer thickness is similar to the cationic
EDL layer thickness; while for the single-ion conductor, the cationic depletion layer thickness is
larger and influenced by the electrode size. The steady-state potential distributions under positive
and negative voltages are highlighted in the red solid and dashed blue lines, respectively.
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For the scenario of equal sized electrodes discussed above, the voltage distribution across
the single-ion conductor differs from the dual-ion conductor because the depletion region
in a single-ion conductor requires the majority of the voltage drop. However, when the
electrodes are unequal in length, similar to what would exist between the channel and the
gate in a side-gated EDLT geometry, the voltage profiles between the single- and dual-ion
conductors are remarkably similar because the geometry induces the majority of the voltage
drop. Specifically, the length of the left (grounded) electrode decreased to one-tenth of the
right electrode, and for the dual-ion conductor, 90% of the voltage drop across the EDL
occurs adjacent to the shorter electrode, regardless of the voltage polarity (Figure 13 (c)).
The asymmetric voltage drop again results from charge conservation: the shorter electrode
requires a larger voltage drop to compensate for its smaller capacitance. In the case of the
single-ion conductor (Figure 13 (d)), the majority of voltage drop is also adjacent to the
shorter electrode for the reason mentioned above, but the details of the ion and voltage
distributions are more complicated. For V > 0 applied to the longer electrode, ~ 85% of the
voltage drop is distributed across the ~ 0.5 nm-thick cationic EDL at the shorter electrode.
When the polarity is reversed to V < 0, almost all of the applied voltage (97%) falls within
the ~ 1.5 nm-thick depletion layer near the shorter electrode (Figure 13 (d)). This result is
significantly different from Figure 13 (b) where the electrode sizes are equal. To understand
this difference, we focus on the voltage distributions near the grounded electrode only because
the shorter grounded electrode is similar to the channel in the transfer measurements where
Vs =0V and Vpg << Vgg (see also Appendix Figure D3). Focusing on the inset of Figure
13 (d), the depletion layer is ~ 3 times thicker than the EDL even though the voltage drop
is only 14% larger. This occurs because the grounded electrode is 10 times smaller and
requires the majority of the potential drop regardless of the polarity of V. Even though the
depletion layer thickness is 3 times larger, it is not possible for this layer to have 3 times
larger potential drop than the EDL at the same electrode, and therefore, the charge at the
grounded electrode will be lower for V. < 0 compared to V > 0. This result suggests that
the single-ion conductor in a side-gated EDLT geometry will exhibit weaker p-type doping

compared to n-type doping.
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4.3 Single-ion Conductor Gating on Graphene FETSs

To test these predictions experimentally, we chose graphene as the first 2D material for
two reasons. First, because it is a semi-metal, graphene is highly conductive and ambipolar
with an intrinsic charge neutrality point at zero gate voltage, making it ideal for sensing
both p- and n-type changes in conductivity. Second, EDL gating of graphene FETSs using
a dual-ion conductor has been widely demonstrated, [38,53] making it straightforward to
benchmark against previously published results.

Graphene FETs with side gate geometry were fabricated by EBL as depicted above
in Figure 12 (a). After device fabrication and before the single-ion conductor deposition,
the channel surface was cleaned using an AFM in contact mode to remove e-beam resist
residue. [113] Preparing a residue-free surface is essential to achieve the maximum gating
effect because the EDL forms within a few nanometers of the surface, similar to the typical
thickness of the EBL residue. [113] Figure 14 (a) shows the AFM images of a graphene
device after AFM cleaning. The root mean square roughness (Rq) of the channel surface
was reduced from ~ 1.30 nm before cleaning to ~ 0.37 nm after cleaning, which is close to
the reported value for freshly exfoliated graphene on SiO5 (~ 0.32 nm). [144] Note that all
Rq are reported for a 400 x 400 nm area. The line scan indicates a flake thickness of 1.5

nm, corresponding to ~ 5 layers of graphene.

4.3.1 Transfer and Output Characteristics

The transfer characteristics of the graphene FETs (without electrolyte) were first mea-
sured with a back gate (Figure 14 (b), blue line), and the devices show a Dirac point around
Ve = 0V, suggesting that there is negligible intrinsic doping in the exfoliated flakes. Un-
der Vpg = 100 mV, the transfer curve exhibits highly symmetric n- and p-branches with a
current maxima of ~ 100 pA (25.4 pA/pum) at Ve | = 30 V. The output characteristics of
the bare graphene FET (Figure 14 (c), blue lines) also indicate that Ip is a linear function
of Vpg, suggesting good ohmic contact at the source/drain terminals. These results on the

bare graphene FETs are in good agreement with prior reports. [53,145]
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Figure 14: Graphene FET gated by single-ion conductor. (a) AFM topography scan
of a bare graphene FET channel (before electrolyte deposition). The location of the line scan is
indicated by the white dashed line. (b) Transfer characteristics of the graphene FET: the blue
data corresponds to the back-gated measurement of a bare FET while the red corresponds to a
side-gated measurement on the same FET with the single-ion conductor. (c) Output characteristics
of the back- gated (blue) and side-grated (red) graphene FETSs.

After deposition of the single-ion conductor, the transfer and output measurements were
repeated with EDL gating using the side gate 10 ym away from the channel. A sweep rate of
2.5 mV /s was used, which is 2000 times slower than that of the bare FET to allow sufficient
time for the ions to respond to the field. This relatively slow sweep rate is consistent with
the high T, of the single-ion conductor that reflects slow ion mobility. Compared to the
bare FET, the maximum Ip increased in the n-branch (Vgg > 0 V) by 50% to ~ 152 pA
at Vgg = 3 V. The increased current is expected for the EDL gating because of the large
interfacial capacitance (1 - 4 uF /cm?)induced by EDLs. [20,54] However, unlike conventional
EDL gating with dual-ion conductors where the current is enhanced in both the n- and p-
branches of an ambipolar FET, the single-ion conductor-gated FET shows a suppressed
p-branch (Vgg < 0 V). The maximum I, for the p-branch decreased by 65% to ~ 35 pA
at Vsg = -3 V. This observation agrees well with the predictions from Figure 13 (d). The
channel current, Ip = pepe, A/d(Vine - Vo)W /L, where V,,, is the interface voltage, d is the

interface capacitive layer thickness, and A/W/L is the area/width/length of the channel.

93



When V¢ is negative (corresponding to the p-branch), the depletion layer thickness next to
the channel is expected to be much larger than the EDL thickness next to the channel when
V¢ is positive (corresponding to the n-branch). However, we learned from Figure 13 (d)
that the voltage drop across the depletion layer at the short electrode (i.e., channel) is only
slightly larger than that across the EDL; thus, the channel current should be lower in the
p-branch than in the n-branch.

Output characteristics as a function of side gate voltages are shown in Figure 14 (c)
(red lines). Compared with the back-gated data, the maximum I under positive (negative)
side gate voltages are higher (lower), which is congruent with the transfer characteristics.
Note that the results shown in Figure 14 (¢) are double sweeps, including the single-ion
conductor-gated results, and the overlap of the forward and reverse sweeps indicates that
the single-ion conductor gating is stable at each measured gate voltage, as long as adequate

time is provided for the ions to respond to the field.

4.3.2 Comparison Between Single- and Dual-ion Conductor in EDL Gating

Thus far, the electrical characteristics of the single-ion conductor-gated FETs qualita-
tively agree with our predictions; however, it is essential to benchmark the single-ion con-
ductor gating performance against a commonly used dual-ion conductor. To do this, we
removed the single-ion conductor by solvent washing (dimethylformamide, DMF) and AFM
cleaning. After the two-step cleaning process, the root mean square roughness (Rq) of the
graphene channel is close to the value of freshly exfoliated flakes (Appendix Figure D4). [144]
Then, we redeposited a dual-ion conductor, PEO:CsClOy, on the same device and repeated
the transfer measurements. Figure 15 shows the transfer curves for two such FETs (device
1 and 2) with (1) Si/SiOs back gate (no electrolyte), (2) EDL side gate using the single-
ion conductor, and (3) EDL side gate using the dual-ion polymer electrolyte, PEO:CsClO,.
The solid lines correspond to the forward sweeps, and the dashed lines correspond to the
reverse sweeps. For the transfer curves obtained using PEO:CsClO, (green), both the n-
and p-branches are clearly observable and show increased current compared to the bare,

back-gated devices. Overall, for the n-branch, EDL gating with either dual- or single-ion
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conductor shows enhanced on current (~ 80 and 60% for dual- and single-ion conductors,
respectively) over back gating through SiO,. This improvement is attributed to the larger
EDL capacitance and agrees with previous reports. [20,54] For the p-branch, the enhance-
ment of On current is again observed for the dual-ion conductor but is suppressed for the

single-ion conductor.
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Figure 15: Comparison between single- and dual-ion conductor in EDL gating. (a,
b) Transfer characteristics of two graphene FETs. Back-gated bare devices (blue), side-gated with
single-ion conductor (red), and side-gated with dual-ion conductor (green). Solid and dotted lines
indicate scans from negative to positive gate voltages and from positive to negative gate voltages,
respectively. Note that the gate voltages were normalized with respected to Vp;.qc to facilitate
comparison between n- and p-branches currents using different gating methods.

The successful ambipolar modulation of the channel current using a dual-ion conductor
indicates that the single-ion conductor did not change the graphene channel in a way that
would prevent hole conduction. This further supports the understanding that suppressed
p-branch current in the single-ion conductor is caused by the cation depletion layer having
weaker gate modulation compared to the EDL. This effect can be captured by modeling
the dynamic response of single- and dual-ion conductors in response to a voltage sweep. A
time-dependent Nernst-Plank-Poisson equation was used with a geometry identical to Figure

13 (c,d). The voltage is applied to the right electrode, and the ion distribution near the left
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(grounded) electrode is monitored. The ion mobility of the single-ion conductor is lower than
that of the dual-ion conductor (as mentioned above and in Appendix Figure D1), and we
therefore set the diffusion coefficient of the dual-ion conductor to be 1.5 times larger than
that of the single-ion conductor.

Figure 16 (a) shows the predicted carrier density in response to a voltage sweep in the
range of =1 V. For the dual-ion conductor, anions and cations accumulate at the electrodes
identically, resulting in a symmetric carrier density with respect to the applied voltage po-
larity. In contrast, for the single-ion conductor, the carrier density at the grounded electrode
is lower under a negative voltage corresponding to the cation depletion region, compared
to positive voltage corresponding to a cationic EDL. These results agree with the smaller

capacitance at the depletion layer, as discussed above regarding Figure 13.
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Figure 16: Comparison between COMSOL simulations and experimental results. (a)
COMSOL simulations of corresponding charge carrier densities within the grounded electrode in a
parallel-plate capacitor geometry with the single-ion conductor (red) and the dual-ion conductor
(green). (b) Transfer characteristics of both ion conductors on one graphene FET (device 3): the
single-ion conductor is red and the dual-ion conductor (PEO:CsClO4)is green. In both (a) and (b),
the voltage is swept from negative to positive (solid lines) and then reversed (dotted lines).
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If we consider only EDL gating of the single- and dual-ion conductors at Vg > 0), the
maximum predicted carrier densities are similar (15 x 10" ecm™ and 17 x 10'® cm™2 for sin-
gle and dual-ion conductors, respectively). The similarity is also reflected in the steady-state
modeling results in Figure 13 (c,d) where the voltage dropped across the grounded electrode
is similar for single-ion (0.85 V) and dual-ion conductors (0.89 V). The EDL thicknesses are
also similar (x0.5 nm), and therefore, the charge densities are expected to be similar.

To compare directly between modeling and experiments, Figure 16 (b) shows the trans-
fer curves measured experimentally on a third device (device 3) using both single- and dual-
ion conductors. The experimental results of all three devices shown in Figures 15 and 16
exhibit similar trend and match closely with simulations.

The similar n-type doping performance between the single- and dual-ion conductors is
encouraging because it suggests the possibility of using the single-ion conductor to induce

2 as measured

high charge density similar to dual-ion conductors, which is up to 10* cm™
experimentally [1,38] and also predicted in simulations in Figure 16 (a). Note that a higher
applied voltage is required experimentally to achieve the same carrier density as the simula-
tion because of the geometry differences and imperfect ion packing. In addition, we measured
the EDL capacitance induced by the single-ion conductor by a series of Vg transfer mea-
surements under various Vg (Appendix Figure D2). The EDL capacitance of the single-ion
conductor (1.66 uF/cm?) is very similar with the reported value of dual-ion conductors (1-4
pF /em?); (20,32, 38] which also implies the possibility of achieving similar n-type gating.
The ability to pack ion densely is critical for creating electrostatic imbalance in the single-

ion conductor, which can lead to mechanical bending of the electrolyte if it is placed on a

semi-rigid support (i.e., a suspended 2D flake).
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4.4 Single-ion Conductor Gating on Supported MoTe,

To make sure that the gating performance of the single-ion conductor is not unique to
graphene and can also be observed in TMDs, MoTe; FETs with supported channels were
fabricated with the same device geometry as the graphene FETs. The investigation is also
aiming to lay the groundwork for the next step - the demonstration of phase transition on
suspended MoTe,.

The AFM scans of one MoTe; FET are shown in Figure 17 (a), and the line scan
shows the channel thickness to be 4 nm (~ 6 MoTe, layers). The majority of the flake is in
uniform thickness, and therefore, we expect minimal impact from thickness variations on the
electrical properties. Back-gated transfer characteristics were measured on bare devices, as
indicated by the blue transfer curve in Figure 17 (b). The bare MoTey, FET is ambipolar
with a minimum current of ~ 107 yA at Vg of ~ -15 V. The On/Off ratio of the n-branch
from -5 < Vg < 30 V is < 10%, and the p-branch from -30 < Vg < -17 V is < 100.
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Figure 17: MoTe; FET with supported channel gated by single-ion conductor. (a)
AFM topography scan of a bare MoTey FET channel (before electrolyte deposition). The location
of the line scan is indicated by the white dash line. (b) Transfer characteristics of the MoTey FET
in log scale with back-gated transfer measurements from Vgg = -30 to 430 V on the bare FET in
blue and side-gated transfer of the same FET from Vgg = -3 to +3 V with single-ion conductor in
red. (c) Zoomed transfer curves on a linear y-axis over a negative range of Vg to highlight the
suppressed p-branch when using the single-ion conductor.
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Using the single-ion conductor, the maximum current through MoTe; at Vgg = 3V
is ~ 32 times larger compared to the maximum current of the bare FET at Vgg = 30V
(Figure 17 (b)). Output characteristics also show effective gate control of the channel current
using the single-ion conductor (Appendix Figure D5). The On/Off ratio of the n-branch
increases from 10* for the bare FET to ~ 10° with the single-ion conductor. Also, the
subthreshold swing (SS) of the n-branch decreases with the single-ion conductor (from 5000
mV /dec by back-gating the bare device to 247 mV /dec). The strong current modulation
and the enhanced On/Off ratio further confirm the strong EDL modulation by the single-ion
conductor. Similar to the graphene FETs, the I of the p-branch remains suppressed, in this
case, at the off level of 107 pA. The suppressed p-branch is highlighted in a linear plot in
Figure 17 (c).

4.5 Outlook: Applying Strain Using Single-ion Conductor Gating on
Suspended 2D EDLTs

EDL gating using a single-ion conducting polymer electrolyte was successfully demon-
strated on graphene and MoTey FETSs with supported (i.e., unsuspended) channels. Both the
experiments and modeling support the claim that only cations create an EDL in single-ion
conductor-gated 2D EDLTSs. The creation of one EDL and not the other is predicted to cause
an imbalance of sheet charge densities that will induce sufficient strain (~3%) to cause the
2H to 1T’ transition. [136] To achieve the new electronic and optoelectronic functionalities
described above, EDL gating will be performed on MoTe, FETs with suspended channels,
which will allow for the longitudinal bending of the single-ion conductor required to induce
strain in the channel.

MoTe, FETs with suspended channels are being fabricated as shown in Figure 18. h-
BN (~ 40 nm thick) will be exfoliated on SiOs to serve as the supporting layer for suspended
channel. The middle area of h-BN will be etched away to create a trench/pocket for the
suspended channel, and the size of the pocket will be 3 um in width while the length will
depend on the size of MoTe, flake. The area of h-BN to place electrodes will also be etched,
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and the deposited metal electrodes will have the same thickness with the h-BN flake to avoid
a height difference. Side gates for single-ion conductor gating will be also placed near h-BN.
Lastly, a dry transfer method (also adopted for MERAM, Chapter 3) will be used to position
an exfoliated MoTe, flake on top of the pocket, and the device will be ready for electrical

measurements and electrolyte deposition.

Side gate Side gate
SiO, substrate SiO, substrate SiO, substrate SiO, substrate

h-BN h-BN h-BN h-BN
1:°P E:;g:d Pocket Electrode (Source) (Drain) Electrode (S.qT-Drain)
view

Side Etched S e

view : area :
SiO, substrate SiO, substrate SiO, substrate SiO, substrate

1. h-BN preparation 2. h-BN etching 3. Electrode fabrication 4. Flake transfer

Figure 18: The fabrication process of a suspended MoTe; FET. From left to right: 1)
Exfoliation of h-BN on SiO9 substrate; 2) using plasma to etch h-BN to create the trench for placing
a suspended channel; 3) metal electrodes deposition including a side gate for gating; 4) dry flake
transfer of MoTesy channel.

Special attention will be paid to the possible sagging of the suspended channel, which
could inadvertently induce strain, and to avoid the channel touching the bottom of the
pocket, which would prevent actuation. AFM will be used to check the state of the channel
suspension. The trench depth (d;) and the intrinsic MoTe, channel thickness (depanner) will
be measured before flake transfer. The suspended channel height (d;,) will be measured after
fabrication. The channel-to-trench bottom distance will equal to dj, — depanner, Which should
be comparable to d;. [146] In addition, AFM mechanical measurement will be also used to
measure any intrinsic strain of the suspended channel before the single-ion conductor depo-
sition. Suspended channel mechanical properties (e.g. Young’s modulus) can be measured
by AFM indentation where a calibrated AFM tip will apply a downward pressure to the
channel. [136]
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Furthermore, in-situ Raman will be used to detect the 2H- and 1T’-phases of MoTe,
according to their corresponding peak intensities while simultaneously making the electrical
measurements. [33,37,136] At the time of writing, this set up is being established in PINSE
at Pitt. We will also monitor the suspended MoTe, channel conductivity versus gate voltage.
Any abrupt increase in current would be strong evidence of the transition between the 2H-

(semiconducting) to 1T -phase (metallic).

4.6 Conclusion

EDL gating using a custom-synthesized single-ion conductor is demonstrated for the first
time on non-suspended 2D EDLTs. Transfer characteristics for all the FETs show an en-
hanced n-branch using the single-ion conductor and a suppressed p-branch compared with
back-gated measurements of bare FETs. Revealed by a finite element modeling of ion trans-
port in response to an applied field, the p-branch suppression results from the combination
of using a single-ion conductor and an asymmetric gate/channel geometry. In addition, the
EDL gating of dual- and single-conductors compared on the same FETs show similar perfor-
mance in the n-branch (i.e., On/Off ratio and maximum ion current), suggesting that the
single-ion conductor can achieve cationic ion densities similar to the well- studied dual-ion
conductor (i.e., up to 10 cm™2). This achievable carrier density is also predicted by mod-
eling and would be theoretically sufficient to induce several percent strain in a 2D crystal.
This is the first demonstration of a single-ion conductor-gated 2D EDLT, and the results lay
the groundwork for inducing strain in 2D materials locally via field effect and for demon-
strating the 2H to 1T’ phase transition. These features are potentially useful for creating
an electronic switch with a low turn-on voltage and steep subthreshold swing and for 2D

flexible electronics with functionality controlled by strain.
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5.0 Tuning EDL Retention Times Using a Doubly Polymerizable Ionic Liquid

Published in: 1) Jierui Liang, Ke Xu, Swati Arora, Jennifer E. Laaser, and Susan K.
Fullerton-Shirey. “Ion-locking in solid polymer electrolytes for reconfigurable gateless lateral
graphene pn junctions.” Materials, 13(5), 1089.

2) Swati Arora, Jierui Liang, Susan K. Fullerton-Shirey, and Jennifer E. Laaser. “Trig-
gerable Ton Release in Polymerized Ionic Liquids Containing Thermally Labile Diels-Alder
Linkages.” ACS Materials Letters, 2(4), 331-335.

5.1 Motivation

5.1.1 Permanent Doping of 2D Crystals

In addition to gating, permanent doping is critical for transistors and diodes - both
of which are basic building blocks of electronics. The need is driven by the large-scale
device integration where various transistors and diodes with dissimilar doping are fabricated
starting from the same semiconductor layer on a wafer. Engineering doping profiles in 2D
materials presents unique challenges, such as achieving precise doping control over short
distances on an atomically thin layer without altering the intrinsic band gap. Such challenge
for doping is especially prominent for creating lateral homojunctions, [147-149] where p-n
junctions are formed at the interface between two regions of dissimilar doping on the same
2D flake. In addition, recent development of reconfigurable FETs [150] require the doping to
be reconfigurable, which means that n- and p-type doping can be switched by, for example,
reversing the polarity of the applied bias.

Commonly used doping approaches include substitutional doping, [148] chemical doping
resulting from charge transfer from adsorbates, [151] and electrostatic doping using addi-
tional metal gates. [152,153] While there is a continuous effort to dope graphene and other

2D materials into p- or n-type over wide areas by substitutional doping or chemical doping,
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and with a dopant concentration range of 10! to 10 cm™2, [148,154-158] one challenge is
precisely control doping density over short distance to create abrupt p-n junctions. More-
over, both substitutional and chemical doping [151] are permanent, meaning that the doping
type cannot be reconfigured. Although the doping created by electrostatic doping are recon-
figurable, challenges remain including fabrication and parasitics, [159] and gate bias need to
be supplied constantly to maintain the doping which will drain the energy.

Similar to metal gates, EDL doping (or electrostatic ion doping) is an electrostatic ap-
proach; however, EDL doping involves positioning ions at the interface by field effect and
can doping densities > 10'3 em™2. [20, 23, 38, 160] Because this approach does not rely on
replacing atoms in the 2D crystal or transferring charge, this method avoids permanently
changing the crystal structure and potential problems associated with doping defects. More-
over, EDL doping can be reconfigured by changing the applied field. For these reasons,
polymer electrolytes and ionic liquids have been used extensively for reconfigurable doping
of graphene and other 2D materials. [20,24,50,51] Like electrostatic doping using metal gates,
EDL doping requires the electric field being applied continuously to avoid the dissipation of
EDL and losing the doping.

5.1.2 EDL Locking to Increase the Doping Retention Without the Field

What would be useful is a “gateless” EDL doping wherein the EDLs could be programmed
and locked into position via a trigger until they can be unlocked later and reconfigured. Such
a triggerable locking/unlocking mechanism that enables reconfigurability on demand could
be useful in applications requiring polymorphic circuits. That is, applications in which
a circuit implementing one type of operating mode can reconfigure itself on demand and
activate new functions in response to a stimulus. [161-164]

One approach to “lock-in” EDLs is to decrease ion mobility by decreasing the temperature
of the device below the glass transition temperature (T,) of the polymer electrolyte. This
approach has been used previously to lock-in p-n junctions in MoS,, [83] WSes, [56] and
MoTe,. [20] We have also used the same approach for unipolar doping of graphene in EDLT
configuration, but with a polymer electrolyte, poly (vinyl alcohol) and LiClO4 (PVA:LiClOy,).
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[160] More than 75% of the EDL was retained at room temperature after removing the
field for more than 4 hours, and the device could be reconfigured by heating to T > T\.
In addition, this approach of ion-locking to form “frozen junctions” has been adopted in
light-emitting electrochemical cells (LECs) where the homojunction of an electroluminescent
organic semiconductor is created by fixing the ion distribution in a polymer electrolyte. [9,
165,166] However, using this thermal quenching approach is unsuitable for room temperature
operation of device because T, for many solid polymer electrolytes are below -20 °C.
Herein, we explore the ability to lock EDLs by using a newly developed doubly poly-
merizable ionic liquid (DPIL), which is synthesized by Prof. Jennifer Laaser’s group. DPIL
consists of cations and anions with polymerizable functional groups on both. The idea is that
before polymerization, DPIL monomers behave as other electrolytes with mobile ions that
can perform EDL gating. After polymerization, the mobility of those ions that constitute
EDLs will be greatly suppressed, resulting in the locking of EDLs. In this way, devices can
be programmed n- or p-type, or p-n junctions can be created before polymerization, and
the resulting doping profiles can be maintained after polymerization at room temperature
without constant biasing. Later, by specific triggers such as light or heat to induce ion-
release, those programmed devices with the data or functionalities stored would be erased
by a command from the user, leading to applications such as hardware-level encryption of

data defending against reverse engineering.
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5.2 EDL Locking to Create P-N Junction on Graphene

To provide a proof-of-concept, we first use DPIL to create and lock-in a p-n junction
in graphene to show its capability in EDL locking by polymerization.The four-electrode
graphene device used for this study is schematically illustrated in Figure 19 (a). The
experimental details of device fabrication and DPIL preparation are shown in Appendix
E1.1 and E1.2. DPIL has cations and anions with similar structure as the ionic liquid
[EMIM][TFSI] that has been successfully used as an ion gate, [51,167] but with the mod-
ification of polymerizable functional groups (carbon-carbon double bonds in methacrylate,

Figure 19 (a) bottom row) on both charged species to perform ion-locking.

Schematics showing the process of p-n junction formation and ion-locking are shown
in Figure 19 (b). At room temperature, the device is programmed by applying +1 V
to electrode 2 and -1 V to electrode 3 (electrodes 1, 4 and the back gate are floated).
Before polymerization, DPIL monomers behaved as a typical ionic liquid with mobile ions
that can form EDLs in response to an applied field (Figure 19 (b), row 1). Cationic or
anionic EDLs form at the interface between the electrolyte and the graphene channel /metal
electrodes. As modeled in reference [56] where ions are used to create p-n junctions, the
highest concentration of ions (~ 2.4 x 10*' cm™ at 1.5 V) builds up near the electrode
surface and then dissipates with distance away from the electrode, meaning that a more
abrupt junction can be expected with decreasing channel length. Note that the device
channel lengths reported here are 100 times larger than those modeled in reference; [56]
however, a channel length of tens of nanometers is not required to observe a junction, as
demonstrated previously for MoTey [20] and MoS,. [83] Thus, the junction formed in this
study is either a p-n or p-i-n junction. To fix the p-n junction, ions are locked in place
by polymerizing the DPIL at 80 °C (Figure 19 (b), row 2). After polymerization and the
device is cooled to room temperature, the voltages are removed and the p-n junction persists

(Figure 19 (b), row 3).
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Figure 19: Schematics of a lateral graphene p-n junction with n- and p-type re-
gions created by electric-double-layer (EDL) doping and subsequent ion-locking. (a)
(Top row) Four-electrode graphene device coated by DPIL. Cations (blue spheres) and anions (red
spheres) dope the graphene channel to form p-type (pink) and n-type (blue) regions, respectively.
(Bottom row) Top view schematic and chemical structure of DPIL monomers. (b) The formation
of a p-n junction by EDL doping: (1) Programming voltages are applied to electrodes 2 and 3,
while the remaining 2 electrodes and backgate are floated; mobile cations and anions redistribute
in response to the field forming a p-n junction between electrodes 2 and 3. Note that the largest
ion concentration occurs near the electrodes and decreases with distance away from the electrodes
as modeled in the reference. (2) After the EDL is formed, the ions are locked into place either by
cooling the PEO:CsClOy4 device below the Ty of the electrolyte, or by DPIL polymerization. (3)
After locking, the p-n junction remains in the absence of voltage.
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Transfer characteristics were made between electrode 1-2, 2-3, and 3-4 to show their dif-
ferent doping profiles depending on the type of locked-in EDLs. The first observation is that
the major current modulation occurs in negative Vg for DPIL-gated graphene in Figure
20 (b), which means that the DPIL was causing an overall n-type doping of the graphene
channel. Note that such an n-type shift was not observed on the bare graphene device . How-
ever, this result is not particularly surprising when considering the molecular structure of the
cations and anions. The charged functional group of the cation (1-ethyl-3-methylimidazolium
(EMIM)) had 7 orbitals that showed a stronger affinity to graphene due to m — 7 interac-
tions compared with the charged functional group of the anion (bis(trifluoromethylsulfonyl)
(TFSI)). [168] This structural distinction, combined with the longer polymerizable group on
the anion monomer, suggests that DPIL cations are more likely than anions to be located
at the graphene surface. The stronger chemical affinity of the cations and their lower steric
restrictions would lead to overall n-type doping. This preference for cations to be located

near the surface is emphasized schematically in Figure 20 (a).

Focusing again on Figure 20 (b), the current between electrode 3-4 (I34, blue dash)
exhibited a single current minimum at Vg = -37 V, which is consistent with the unipolar
n-type doping that would be expected in accordance with the schematic in Figure 20 (a).
Focusing now on the current between electrodes 2-3 where the p-n junctions exist, Ioz (green
solid line) showed double current minima (1st Vpiae = -35 V; 2nd Vpiree = -10 V), the
signature of graphene p-n junction in transfer characteristics [151, 154,169, 170] and an
indication that the ions were locked into place. Note that the rectifying behavior was not
expected in graphene due to the lack of a band gap. However, I;5 also exhibited two current
minima (1st Vpiqee = -33 V; 2nd Vpiree = -4 V). At first blush, a p-n junction would
not be expected between electrodes 1 and 2. However, as discussed above, the cations of
the DPIL seemed to have affinity for the graphene surface, which means that they would
also preferentially accumulate near electrode 1 even though electrode 1 was floated during
programming and locking. Thus, the preferential accumulation of cations to the graphene
surface can explain the additional p-n junction located between electrodes 1 and 2. This
result actually highlights the importance of further material optimization of DPIL to avoid

preferential adsorption of one type of ion over the other.
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Figure 20: Using DPIL to create lateral p-n junction. (a) Schematics of a fixed p-n
junction, with voltages removed after EDL locking and cooling to room temperature. (b) Backgated
transfer characteristics after polymerization between electrodes 1-2 (red dash), 2-3 (green solid line)
and 3-4 (blue dash), with Vp = 10 mV and a sweep rate of 0.2 V/s. (c) Fermi-level tuning that
gives rise to the Is3-V e and 115-V g transfer characteristics after ion-locking.
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In addition, the double current minima for graphene p-n junction can be understood
considering the band structure and Fermi level tuning of graphene with p- and n-doped
regions as illustrated in Figure 20 (c). Back gate voltages during scanning (from negative
to positive Vpg) decrease concentration of holes while increase electrons, so the process
can be regarded as increasing the Fermi level or increasing the entire device doping level
from p- to n-doping (as indicated by the labels on the bottom in schematic). The two
shoulder-to-shoulder double-dirac cones represent the doping profiles of p- (left cones) and
n-type graphene regions (right cones) fixed by the locked-in EDLs of DPIL. The first current
minimum (at a more negative Vp¢) occurred when the Fermi level aligned with the Dirac
point of the n-type graphene doped by cations after locking. Similarly, the second current
minimum (at a less negative Vpg) occurred when the Fermi level aligned with the Dirac
point of the p-type graphene. And because maybe cations have stronger affinity to graphene
causing a entire n-type doping, all two current minima happened at negative side of Vg
(Vee = 0V is indicated by grey dash in Figure 20 (c) schematic).

Overall, a gateless lateral p-n junction is demonstrated on 4-electrode graphene devices
by ion-locking using DPIL. The locking is done by heating to 80 °C to polymerize the anions
and cations, and then operating the device at room temperature. The locking is gateless
because only the source/drain terminals are required to create the junction, and no gate is
needed after locking to keep ions in position. Transfer characteristics after locking shows
double current minima - consistent with what is expected for lateral graphene p-n junction.
This study provides proof-of-concept that alternate triggers like polymerization can be used
to semi-permanently lock-in EDLs of 2D devices for room temperature operation, and this

approach can be extended to other 2D EDLTSs for electronic and optoelectronic applications.
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5.3 Retention Time of Locked EDLs on 2D EDLTSs

The creation of p-n junction demonstrates DPIL’s potential as a gateless permanent
doping for 2D materials by EDL locking. But the retention time of locked EDLs needs
further investigation, which can be measured by monitoring how long the current can be
retained in a programmed state in 2D EDLTs without the applied bias. Moreover, the
transfer characteristics can indicate the EDL gating performance of unpolymerized DPIL,
which is important for applications which need EDL gating for the standard mode while
EDL locking for the special mode that is rarely visited.

Similarly to the locking process in graphene p-n junction, the proposed DPIL gated 2D
EDLT's and the EDL locking are illustrated in Figure 21. Before polymerization, the device
is first programmed to form the EDL (e.g., cationic EDL) under the gate bias (Figure 21 (b)).
Next, DPIL monomers is polymerized by heating the device at 80 °C for 2 hours in vacuum
while the device remains programmed by the gate bias. After the device is cooled to room
temperature, the gate bias is removed, and the retention measurement of the established

EDL measured starts immediately by monitoring the drain current as a function of time.

Graphene FETs were first fabricated with the side gate geometry as illustrated above
in Figure 21 (a). Unpolymerized DPILs (~ 5 puL, with AIBN and inhibitor) were deposited
on each FET in the glovebox, and the FETs were transferred to the probe station by the
loadlock without exposure to the ambient. We first demonstrated transfer characteristics of
a graphene EDLT using unpolymerized DPILs, showing the Dirac point near Vgg of 0 V
(Figure 22 (a), black curve). The ambipolar n- and p-branch confirms that both cations
and anions in the unpolymerized DPILs are mobile and capable to perform EDL gating.
The hysteresis between the forward and reverse sweeping of Vgg originates from the lower
ion mobility and sluggish response of ions in the unpolymerized DPILs compared to the
sweeping rate. After polymerization of DPILs with the EDL programmed at Vgg of +2 V,
the Ip remains almost constant at ~ 1.47 A and cannot be modulated by sweeping the V¢
(Figure 22 (a), blue line). This indicates that the ions are immobile and cannot response to
the changing field to perform a dynamic EDL gating. Therefore, the channel doping profile,
as indicated by the Ip, is kept at the state induced by a static EDL formed previously at
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Figure 21: DPILs electrolyte and EDL locking mechanism. (a) Schematic of DPILs
gated FET with a side gate. (b) EDL locking mechanism. From left to right: 1) programming
the FET to form EDL by mobile ions in unpolymerized DPIL; 2) locking the EDL in place by
heat-triggerd polymerization with gate bias applied; 3) locked EDL with no gate bias applied - a
gateless electrostatic doping.
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Vsa of +2 V. Note that the EDL corresponding to Vgg of +2 V was formed by cations of
DPIL before the polymerization, and the gate bias was applied for 10 min prior to the start
of polymerization to ensure the full formation of EDL.

The EDL retention was also measured before and after the polymerization on the same
FET. Before polymerization, the FET was programmed by applying Vgg of +2 V for 10 min
to form a saturated EDL. The Vg was then grounded (Vgg = 0 V), and I, was monitored to
capture the dissipation of EDL (Figure 15 (b), black curve). Within 400 s, the EDL formed
at Vgg of +2 V (corresponding to Ip of ~ 1.5 pA) fully dissipated, with Ip decreased to
1.1 pA which agrees with the Ip at 0 V in the transfer characteristics (Figure 22 (a), black
curve). After polymerization while keeping the FET programmed at Vgg of +2 V, the FET
was grounded again. This time, the Ip and the corresponding EDL maintain at the same
level (~ 1.47 - 1.5 pA) for a time scale exceeding 10° s (Figure 22 (b), blue line). The
measurement was stopped after ~ 2 days without observing a significant decay of Ip, and
there should be no limit to achieve a longer retention by extending the time window for
monitoring. The results show better retention than the previously reported EDL locking by
cooling the temperature below the T, of PVA:LiClO, (no decay within 10° s after removing
the bias, and ~ 75% of EDL remains after 10° s). [160]
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Figure 22: Transfer characteristics and EDL retention before and after polymeriza-
tion. (a) Transfer characteristics of a graphene FET before (black line) and after (blue) locking
the cation-induced EDL by polymerization. Scanning window is from -1 to 1 V, while the blue
line (polymerzied DPIL) was obtained after forming the EDL at Vgg of +2 V and the locking by
polymerization. (b) EDL retention before (black) and after locking the EDL by polymerization
(blue line). In both measurements, side gates were grounded (0 V), and the Ip was monitored to
show the cation-induced EDL retention of its saturation state obtained after Vg = +2 V applied
for 10 min. (c) and (d) are the similar measurements of transfer characteristics and EDL retention
test on WSeg FET, respectively, with the Ip monitored before (black) and after (red) locking the
anion-induced EDL by polymerization.
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After proving the concept of EDL locking on graphene FETSs, WSey, FETSs were selected
to reveal the full potential of DPILs on 2D semiconductors with larger On/Off ratios. Similar
transfer characteristics and comparison were conducted for a DPILs gated WSey FET before
and after polymerization as shown by the black and red curves in Figure 22 (c), respectively.
Again, the ions are mobile before and then immobilized after polymerization, giving rise to
the change in EDL gating from effective Ip modulation (On/Off ~ 10%, ambipolar branches
of black curve) to no modulation (Ip constant at ~ 1.2 pA, red line). Note that the EDL
was formed by anions when programmed at Vgg of -4 V.

Preliminary results of EDL retention of polymerized DPILs on WSey; FET also confirms
the EDL locking observed previously on graphene FETs (Figure 22 (d)). The EDL by
anions starts dissipating within seconds in unpolymerized DPILs (black curve), but can be
locked after polymerization to maintain the Ip for a time exceeding 10% s (red line) without
any sign of current decaying. This time, however, we did not observe the full dissipation
of EDL in unpolymerized DPILs due to the inadequate time window, which is due to the
underestimation of EDL dissipation time and the sensitive response of WSe, to the changing
doping profile. We also noticed the small discrepancy between Ip of saturated EDL at Vgq
of -4 V before and after polymerization (i.e., the gap between black and red curve at the
left end, Figure 22 (d)). This could be due to the intrinsic capacitance difference between
DPILs monomers to their polymer forms.

In brief, EDL locking by polymerization on 2D EDLTs show a retention time exceeding
10° s, suggesting its potential in gateless semi-permanent doping for 2D materials. And the
results lay the foundation for pursuing a more exciting concept - a gateless reconfigurable

doping.
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5.4 'Triggerable Ion Release by Introducing Thermally Labile Diels-Alder

Linkages into Polymerizable Ionic Liquid

Substitutional doping is permanent and cannot be changed after device fabrication. In
contrast, doping by EDLs using conventional electrolytes is reconfigurable by reversing the
polarity of applied bias; but a constant gate voltage or operating device at low temperature
is required to hold the doping state. [20] Indeed, reconfigurable doping has attracted much
attention recently due to reconfigurable FETs [150] as well as adaptive and polymorphic
circuits for applications such as hardware security [171,172] and self-checking and smart
electronics for Internet of Things (IoTs). [162,173] Motivated by reconfigurable doping with
no standby gate voltage, repeatable locking and unlocking of EDLs is pursued by further
engineering the polymerizable ionic liquids.

Here, we address this challenge by developing polymerizable ionic liquid with a thermally-
labile Diels-Alder linkage between the polymer backbone and the cationic side chain. This
Diels-Alder linkage undergoes a retro Diels-Alder reaction above 90 °C, [174-176] enabling
a thermally-triggered ion release for EDL unlocking. Figure 23 shows two singly polymer-
izable ionic liquid monomers used in this study, and only their cationic species are poly-
merizable for simplicity. We denote the singly polymerizable ionic liquid with Diels-Alder
linkage as triggerable singly-polymerizable ionic liquid (T-SPIL). The cation of T-SPIL is
analogous to the cation of DPIL, but contains a furan-maleimide Diels-Alder adduct be-
tween the charged imidazolium and the polymerizable methacrylate. [177,178] In addition,
non-triggerable singly-polymerizable ionic liquids (NT-SPIL) lacking the thermally labile
Diels-Alder linkage was synthesized as comparisons and controls. [179] Note that the cation
of NT-SPIL is the same with DPIL used in previous sections.

First of all, cyclic voltammetry indicated that the electrochemical windows of both T-
SPIL and NT-SPIL were, at approximately 4 V, comparable to that of [EMIM]|[TFSI],
making them viable for applications in organic electronics. [180-182] Next, to retain the
desired capability for thermally-triggered ion release, it was important to polymerize the
T-SPIL monomers without driving cycloreversion of the Diels-Alder adduct. Therefore,

instead of heating, samples were photopolymerized using a photoinitiator 2,2 dimethoxy-

75



- O 5 N ' i )J\[(O\/\,J{IAN/ :
i \ + _ i i o) \—/ N(CF3S0,); !
! N=\ N(SO.CF3),:
i NN~ B :
' T-SPIL . NT-SPIL i

Figure 23: Chemical structures of triggerable polymerizable ionic liquid Structures of
(left) triggerable singly polymerizable ionic liquid (T-SPIL), with Diels-Alder linkage in cation;
and (right) non-triggerable singly polymerizable ionic liquid (NT-SPIL), with the same cation as
DPIL used previously.

2-phenylacetophenone (DMPA) and UV light (UVP Compact UV lamp, | = 365 nm, P =
1.3 mW c¢cm™2 at 7.6 cm) at a working distance of 1.5 cm for 30 min at room temperature.
The DSC measurement of T-SPIL after polymerization shows the characteristic thermal sig-
natures of the retro Diels-Alder reactions of both the endo (100 °C) and exo adducts (150
°C), [178] indicating that both adducts remained intact during UV photopolymerization at
room temperature. Whereas the DSC of NT-SPIL shows no endo nor exdo adducts because
of lacking Diels-Alder linkage. In conclusion, T-SPIL and NT-SPIL can be successfully
polymerized by UV light, and Diels-Alder linkage in T-SPIL remains stable during the UV

polymerization.

To investigate the impact of polymerization (ion-locking) and heating (possible ion-
release) to mobile ion content, we drop-cast both T-SPIL and NT-SPIL onto “dummy ca-
pacitors” - two parallel electrodes lithographically patterned with 10 um spacing and then
measured their response to a change in applied voltage. In these measurements, applying a
step potential results in a current spike due to capacitor charging and ionic motion, followed
by a slow decay till zero charging current as the ions reach their new equilibrium distribution.
The amplitude of the current spike reflects the number of ions able to respond to the applied

voltage, and is a useful proxy for the mobile ion content of the material, which cannot be
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characterized using standard impedance measurements due to the need to UV-polymerize
the material and avoid thermal annealing.

As seen in Figure 24 (a), a significant decrease in the response amplitude was observed
upon UV-polymerization of both the triggerable and non-triggerable polymerizable ionic
liquids, reflecting restriction of the ion mobility after ion locking. After a full thermal cycle,
in which the samples were gradually heated to 400 K (127 °C, passing the retro Diels-Alder
reaction temperature in an attempt to unlock ions) and then returned to room temperature,
the response of the NT-SPIL returned to its post-polymerization/pre-thermal cycle baseline,
indicating that the thermal cycle had no effect on the mobile ion content in this material.
The response of the T-SPIL, on the other hand, returned to its pre-polymerization level,
indicating that the thermal cycle drove an increase in the mobile ion content of the sample.
These measurements thus demonstrate that incorporation of thermally labile Diels-Alder
linkages between the ionic units and the polymer backbone enables thermally-triggered ion
release in polymerized ionic liquids, as desired.

The temperature dependence of the capacitor response during the heating cycle provides
strong evidence for the retro Diels-Alder reaction as the origin of the observed increase in
mobile ion content. The temperature-dependent response amplitudes for both polymerized
T- and NT-SPIL are shown in Figure 24 (b). As shown in this figure, both materials
exhibited a significant increase in mobile ion content with increasing temperature. While
the response of the NT-SPIL increased gradually over the entire temperature range, as
expected for a polymerized ionic liquid above its glass transition temperature, the response
of the T-SPIL exhibited a distinct “turn-on” behavior near 360 K (87 °C). Notably, this
temperature is very close to the temperature at which the retro Diels-Alder reaction was
observed during DSC measurements on this material (~ 363 K (90 °C), when scanned at 2
°C/min, comparable to the heating rate in the capacitor measurements), and is significantly
higher than its glass transition temperature (~ 310 K (37 °C)). Thus, we conclude that the
increase in mobile ion content observed in the T-SPIL after a full thermal cycle is indeed

driven by breakage of the thermally-labile furan-maleimide linkages.

7



100
a 50F NT-SPIL|—®— A; Depposwted - b
After Polymerization
40 B :z: After Theyrmal Cycle 80
—_ 60
<
= > %
c
) <
3 &
o =
= 2
= T-SPIL —— ﬁ: Dl;pcswled E
r— er Polymerization
E) :z: After Theyrmal Cycle <
e E
SR ¥ o
2
(@]
05
O -

102 102 107" 10° 10' 102
Time (s)

NT-SPIL

300 350 400
Temperature (K)

Figure 24: Mechanism of a single-ion conductor gated EDLT. (a) Capacitor response of
non-triggerable (top) and triggerable singly-polymerized ionic liquids (bottom) at 298 K (25 °C),
measured before polymerization, immediately after polymerization, and after a full thermal cycle
in which the temperature of the sample was increased to 400 K (127 °C) before being returned
to room temperature. Each trace depicts the response of the material to a step potential applied
across a capacitor with 10 um electrode spacing. (b) Temperature-dependent current amplitudes
for capacitors with non-triggerable (top) and triggerable singly-polymerized ionic liquids (bottom)
deposited and polymerized across the electrodes. Arrows labeled T, and rDA indicate the glass
transition temperature and retro Diels-Alder temperatures of the samples, respectively.
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In summary, we have shown that incorporation of a thermally labile Diels-Alder linkage
in the side-chain of a polymerizable ionic liquid facilitates thermally-triggerable ion release
when the sample is heated above the cycloreversion temperature of the Diels-Alder adduct.
This approach allows the locked ions to be released on-command by a chemical trigger after
polymerization, a capability that is not achievable with current classes of ion-containing
polymers. In addition, besides heat, the triggering stimulus can be light or mechanical force

by chemically modifying/adding functional groups.

5.5 Conclusion

EDL locking by polymerization has been demonstrated using a custom-synthesized poly-
merizable ionic liquids on 2D EDLTs. Fixing EDLs by polymerization continuously dope
the channel without requiring an external field. A lateral p-n junction has been first cre-
ated on 4-electrode graphene devices by EDL locking. The entire process is gateless because
no gate voltages are required to create or maintain the p-n junction. Backgated transfer
measurements show two current minima which is a signature of a graphene p-n junction.
EDL locking is also investigated on 2D EDLTs with side gates. Both cationic and anionic
EDLs can be locked by polymerization, with the doping retention time exceeds 10° s (max
measured) at room temperature after locking. Furthermore, to achieve a reconfigurable dop-
ing, both EDL locking and unlocking are needed. Therefore, thermally labile Diels-Alder
linkages are introduced between ionic group and polymer backbone, so that polymerized
ions can be unlocked again by heating. This feature cannot be achieved by substitutional
or by conventional electrolytes. Future work will focus on this new class of triggerable
and stimulus-responsive ion conductors for EDLTs to be used in adaptable or polymorphic

circuits for various applications.
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6.0 Conclusions

In this work, one of the major and promising branches of iontronics has been investigated
- 2D EDLTSs. Previously, the vast majority of attention in 2D EDLTs has been focused on
2D materials and semiconductor physics, where ion conductors are essentially regarded as a
simple replacement of conventional dielectrics in 2D EDLTSs. In contrast, this dissertation
advances the concept that the ion conductors themselves can achieve unique mechanisms
of charge control to achieve advanced functions in device operation. This work has focused
on engineering ion conductors and 2D EDLTs for new device functions supported by four
projects, illustrated in Figure 25. The major outcomes of the projects include: 1) an
approach to achieving a residue-free 2D surface for EDL gating and quantification of the
impact of the residue on gating performance; 2) a monolayer electrolyte that achieves bista-
bility and fast switching for non-volatile memory; 3) a single-ion conductor for strain control
in suspended EDLT; and 4) a “locking EDL” that exploits a polymerizable ionic liquid to
allow reconfigurable gateless doping for p-n junctions and 2D FETs.

Because EDL gating relies on the proximity of ions to the surface, the best possible
gating performance of 2D EDLT's will be hindered if there is a few nanometer thick polymer
residue remaining from the lithography process and located between the electrolyte and the
2D channel. In Chapter 2, a successful removal of resist residue has been demonstrated
on MoSy; and WSey FETs using contact mode AFM. AFM topology shows that surface
roughness is restored to its intrinsic state, and Raman spectra show that the characteristic
peak intensities of MoS, and WSes, increase after removing the residue. For back-gated WSe,
FETs (no electrolyte), PMMA residue from e-beam lithography is found to be a p-type
dopant that decreases carrier mobility and creates unwanted doping (i.e., causing a charge
density change of 7 x 10! cm™2). For EDL-gated CVD-WSe, FETSs using a PEO:CsCl10,
electrolyte, photoresist residue is also a p-type dopant that can cause a charge density change
of 4.5 x 102 cm~2. But more importantly, removing the residue increases the maximum
current of EDL-gated WSey FETs by 247%. This suggests that removal of residue by AFM

provides closer access for the ions to reach the surface of the channel, thereby increasing the
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EDL gate capacitance. Overall the results suggest that the AFM contact mode cleaning is
a widely applicable and nondestructive method that can successfully remove different types
of post-lithography polymer residue on a variety of 2D crystals, and can improve channel
conductivity, mobility, and charge density. While this method would be impractical to scale,
it is especially for benchtop research where a near molecularly clean surface is required (e.g.,
monolayer electrolyte devices), and for EDL gating to achieve the best possible electrostatic
gate control. I predict that methods to achieve a residue-free surface will advance as wide-
area growth of 2D materials advances. In the meantime, the work in Chapter 2 provides a

viable path forward for benchtop research to proceed in the absence of a scalable solution.

Chapter 3 focuses on my primary PhD project - developing a molecularly thin ion con-
ductors for EDLT based non-volatile memory. Conventional solid polymer electrolytes and
ionic liquids/gels are unsuitable for NVM because of lack of an energy barrier to keep ions in
place. Therefore, I extended the development of a new electrolyte in our lab - the so called
“monolayer electrolyte”, and demonstrated it in a non-volatile memory device. The mono-
layer electrolyte has a switching barrier for state retention, and with the thickness scaled
to a single molecular layer that are beneficial for a fast and low voltage switching. The
custom-designed monolayer electrolyte consists of cobalt crown ether phthalocyanine and
lithium ions, which are positioned by field-effect at either the surface of the WSey channel
or an h-BN capping layer to achieve “1” or “0”, respectively. The monolayer electrolyte can
be directly deposited on WSey FETSs by drop-casting and annealing. The AFM cleaning
protocol described in Chapter 2 was used prior to the electrolyte deposition to assure the
residue-free 2D surface required for the molecular arrangement of the monolayer electrolyte
to form the EDL. One of my most important contributions is the discovery that a capping
layer of h-BN significantly improves bistability in the monolayer electrolyte memory. Den-
sity functional theory (DFT) calculations by our collaborators support the mechanism of
enhanced trapping of Li™ near h-BN due to a ~1.34 eV increase in the absolute value of
the adsorption energy compared to vacuum. The threshold voltage shift between the two
states corresponds to a change in charge density of ~2.5 x 10?2 ecm™2, and an On/Off ratio
exceeding 10* at a back gate voltage of 0 V. The On/Off ratio remains stable after 1000

cycles and the retention time for each state exceeds 6 hours (max measured).
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Although a millisecond switching speed has been demonstrated in this study, there is no
reason to expect the switching speed to be limited to this timescale. In fact, preliminary
results obtained recently by my colleagues show the switching time can be as fast as ~ 40
ns by still using a back gate geometry. Moreover, a top-gated device architecture provid-
ing a stronger electric field is expected to further decrease the switching time, and sub-volt
operation in this configuration is predicted by DFT calculations. [125] Because in this con-
figuration, the electric field will drop over the thin h-BN gate dielectric and the monolayer
electrolyte instead of the 90 nm-thick back gate oxide and the several layers of WSe, channel
that screens the field. Note that the speed is directly related to the magnitude of the ion
diffusion barrier (i.e., Li* passing through the crown ether) which depends on the applied
electric field strength. [125] Therefore, the switching speed of the memory is also expected to
be improved (perhaps to a few nanoseconds) by top gating. For the future top-gated device,
h-BN could probably serve as a multi-functional capping layer: 1) a 2D gate dielectric; 2)
an encapsulation layer that protects the monolayer electrolyte from polar solvents during
lift-off process; and 3) a stabilizer for the Off-state of the monolayer electrolyte as described
in Chapter 3.

Another potential advantage of the monolayer electrolyte is the wide chemical tunability,
which can be used to adjust the energy barrier to switching. Thus, the monolayer electrolyte
offers the potential to adjust the switching and retention time and perhaps introduce multiple
states (i.e., multiple switching barriers by varying the crown ring size). [183] In addition, the
application of this material is not limited to 1T NVM. Because the material is solution
processible, the door is open to opportunities in printed and flexible electronics. Last, more
novel 2D nanomaterials could be suitable for developing new monolayer electrolytes including
porous 2D dielectrics, 2D polymers and 2D MOFs. [31, 184, 185] Recently, the concept of
monolayer electrolyte has also inspired the theoretical investigation of metal trihalides MX3
with intrinsic atomic pores as 2D electrolytes. [186] Overall, an ideal 2D solid electrolyte
with appropriate switching barrier, free of dangling bonds, layer uniformity on a large scale,
good electrical insulation, and mechanical integrity for wafer-scale device fabrication - is not
an unreachable dream. In fact, I think our contribution has opened an exciting new area of

monolayer thick, ion-conducting functional materials.
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In Chapter 4, 2D EDLTs using a custom-synthesized polyester single-ion conductor
(PE400-Li) are demonstrated for the first time on graphene and MoTe, transistors. Their
gating performance has been directly compared to the dual-ion conductor (PEO:LiClOy4) on
the same devices. Transfer characteristics show an enhanced n-branch for both the dual
and single-ion conductors because their mobile cations can form EDL at the electrolyte/2D
interface. The single-ion conductor can achieve cationic ion densities up to 104 cm=2, sim-
ilar to the dual-ion conductor. On the other hand, p-branch conduction is suppressed in
the single-ion conductor compared to that in the dual-ion conductor. This is because 1) the
anion in the single-ion conductor is covalently bound to the polymer backbone, so a cationic
depletion layer with significantly weaker electrostatic gating strength is formed at the 2D
surface instead of anionic EDL present in the dual-ion conductor under negative side gate
voltages; and 2) the gate size is larger (~ 10x) than the channel. This has been confirmed
by a finite element modeling of ion transport in response to an applied field, completed by
my co-authors. If deposited on a suspended MoTe, FET, the single-ion conductor is possible
to have imbalanced ion strength at the two interfaces via field effect (i.e., cation density of
10" cm™? at electrolyte/2D interface vs. the cationic depletion layer at the gate), leading
to its longitudinal bending and inducing strain in MoTe,. Given that MoTe, under sev-
eral percent strain can undergo a 2H-1T" semiconducting to metallic phase transition, the
single-ion conductor gating are potentially useful for creating an electronic switch based on
field-controlled phase transitions in 2D crystals. In addition, this work may also inspire new
single-ion conductor gated devices where the electrolyte serves both as a gating dielectric
and an actuator to access local strain control. In this way, our group is driving towards
introducing all these new functionalities that include the features of micro-electromechanical

system (MEMSs) to EDLTs.

Besides depositing high-k dielectrics, it is also difficult to substitutionally dope 2D ma-
terials. The electrostatic doping by EDLs not only can achieve strong doping densities (>
10" ¢cm™2), but also is reconfigurable (i.e., n- and p-type doping switchable by reversing
the polarity of the applied bias). Such reconfigurablility of doping is much in demand for
developing reconfigurable FETSs based on ambipolar 2D materials but not achievable by sub-

stitutional nor chemical doping. To avoid the dissipation of EDLs, however, a gate bias
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needs to be continuously applied which will drain the power, unless ions that constitute
EDLs can be locked in position. Therefore Chapter 5 demonstrates our group’s first efforts
to lock EDLs by polymerizing a doubly polymerizable ionic liquid on 2D EDLTs. Compared
to EDL locking by lowering the operating temperature below electrolyte’s T, the chemi-
cal approach using DPIL is more practical for devices operated at room temperature. As
a proof-of-concept demonstration, a gateless lateral p-n junction is created on 4-electrode
graphene devices by ion-locking. The “gateless” means: 1) only the source/drain terminals
are required to create the junction; and 2) the locked doping state is permanent so no gate
voltage is needed to keep the ions. Consistent with what is expected, transfer characteris-
tics show a double current minima - the signature of the p-n junction for graphene. Next,
EDL locking is demonstrated on graphene and WSe, EDLTS, in which both cationic and
anionic EDLs can be locked by polymerization. Preliminary results indicate that the doping

retention time of locked EDLs exceeds 10° s (max measured) at room temperature.

The results of EDL locking motivates us moving forward to exploring the reconfigurable
doping using DPIL; that is, locked EDL can be unlocked to reconfigurable the doping type
(p- or n-type) by reversing the gate polarity, and followed by another locking. Therefore,
to enable unlocking, a thermally labile Diels-Alder linkage has been introduced in the side
chain of the polymerizable ionic liquid. This linkage facilitates thermally triggerable ion
release when the sample is heated above the cycloreversion temperature of the Diels-Alder
adduct. This chemical modification allows the mobile ion content of polymerizable ionic
liquid able to be changed after polymerization, a capability that is not achievable with
current classes of ion-containing polymers. In future work, we anticipate that incorporating
other types of responsive chemical units between the ionic group and the polymer backbone
will give rise to materials that respond to a wide range of other chemical and physical triggers,
including light, heat, and mechanical force, enabling new classes of triggerable and stimulus-
responsive ion conductors for EDLTSs to be used in adaptable or polymorphic circuits for
various applications. For example, these novel circuits can be used in hardware security
where EDLT's can be deprogrammed on command to avoid reverse engineering; or in energy
harvesting Internet-of-things (IoT) where the circuit can change functionality in response to

an intermittent power supply or environmental stimulus.
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Overall, the development of iontronics including EDLT's over the past decade has sprouted
many branches of emerging devices which have become vital tools to explore fundamental
physics or promising components for electronic application. Considering the advantages of
EDL gating, such as large interfacial electric fields, large capacitance and high carrier den-
sities, 2D EDLTs facilitates the discovery of a variety of solid-state physics in 2D materials.
Looking ahead, a few more emerging fields could be: 2D EDLTs for neuromorphic com-
puting where EDL formation and dissipation under a pulsed voltage can be utilized; 2D
EDLT's to apply high fields to control quantum physics; 2D EDLT's for optoelectronics, tak-
ing advantage of the side gate geometry that will not interfere with an optical signal; 2D
EDLTs for flexible electronics; 2D EDLTs with field-induced nanomechanical control; and
adaptive devices where electrolyte and 2D EDLTs can change their functions. There is no
doubt that scaling and chemical tailoring the electrolyte will continue being a key factor
for those research areas on the rise. In addition, more effort is needed to improve the ion
conductor properties, such as electrochemical stability with all materials in contact (channel,
electrode metals, etc.), ion conductivity for high switching frequency, mechanical integrity

for solid-state electronics, and power dissipation during device operation.
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Appendix A

General Experimental Procedures

A.1 2D Material Exfoliation

2D materials used in this dissertation were mostly obtained by exfoliation using the
Scotch tape method, [25] except that some WSey samples in chapter 2 were grown by our
collaborators (Prof. Joshua Robinson group at Penn state) using chemical vapor deposi-
tion (CVD). Details about CVD WSey growth and FETs preparation will be discussed in
Appendix B.

For exfoliation, 2D flakes (e.g., graphene, WSes, MoTe, and MoS, flakes) with thickness
3-20 nm were mechanically exfoliated from their bulk sources and transferred to p-type Si
(resistivity 0.001-0.005 ohm-cm) with 90 nm of SiOy (Graphene Supermarket) by the Scotch
tape method. Acetone, isopropanol (IPA), and deionized water were used to preclean the
substrate. Flakes with uniform thickness were selected by optical microscopy and AFM
topology measurements (Bruker Dimension Icon in ScanAsyst mode using SigN, ScanAsyst

Air tips with 0.4 N m™').

A.2 FET Fabrication

Back- and side-gated FETs were fabricated by e-beam lithography (EBL) (Raith e-LiNE).
Two hundred nanometers of PMMA-950-A4 (MicroChem) e-beam resist, was spin-coated at
a spin speed of 4000 rpm for 1 min, followed by a 3 min bake on a hotplate at 180 °C.
Source/drain and gate contacts were patterned by EBL, and the sample was developed in
a methyl isobutyl ketone (MIBK) and IPA solution (MIBK:IPA 1:3 volume ratio) for 1 min

and then rinsed by IPA for another 1 min. E-beam evaporation (Plassys Electron Beam
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Evaporator MEB550S) was used to deposit metal electrodes at a base pressure < 1 x 107°
Torr. Normally, the metal thicknesses were Ti (5 nm) and Au (130 nm). The samples were
immersed in acetone for lift-off at room temperature overnight, and then rinsed with IPA

and deionized water.

A.3 AFM Contact Mode Cleaning

AFM contact mode was used to scan the FET channel to “sweep” away the polymer
residue by the mechanical force. For cleaning purposes, a stiff AFM tip was used (SCM-PIT-
v2, measured force constant 2.37 N m~!) which is much stronger than AFM tips commonly
used for the contact mode (SizN4 ScanAsyst Air tips, 0.4 N m™!). The deflection setpoint
was optimized to be 1.33 V, which is equivalent to applying 104 nN of normal force to
the sample surface (larger setpoints damaged the sample while smaller setpoints do not
completely remove the residue). Complete cleaning was achieved by scanning the target
region three times in different directions (rotating the sample 90 ° each time) using a scan

rate of 10 um s 1.

A.4 Probe Station, Vacuum Annealing and Measures to Avoid Ambient

Exposure

Electrical measurements were made using a Keysight B1500A semiconductor parameter
analyzer in a Lakeshore cryogenic vacuum probe station (CRX-VF) with pressure ~ 2 x
10=% Torr.

To improve the electrical performance of FETSs, samples were vacuum annealed at 400
K for 4 h before electrical measurement in the probe station with pressure of ~ 2 x 1076
Torr. This can remove water that interferes the gating from the FET channel surface.

To avoid the exposure to ambient conditions, the samples were transferred between the

glove box and the probe station using a load lock filled with argon. In this dissertation, all
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AFM cleaning, electrolyte preparation and deposition, and sample transfer were completed
in an argon environment (an argon-filled glove box with HoO and Og concentration < 0.1
parts-per-million), and the electrical measurements were completed in vacuum (~2 x 107°

Torr) in the probe station.
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Appendix B

Supporting Information for Chapter 2

B.1 Experimental Section

B.1.1 Device and Sample Preparation

Back-gated FETSs using exfoliated MoS; and WSe, were fabricated by EBL as described
in Appendix Al and A2. In some cases, "dummy samples” with only flakes and PMMA
residue on top were needed for investigating AFM cleaning and Raman measurement, and
therefore device fabrication was not necessary. In these cases, the flakes were exposed to
the same steps of the e-beam process except for writing the patterns. After spincoating
PMMA-950-A4 and baking, the sample was cooled to room temperature, soaked in acetone

for 15 min, and then rinsed by IPA for 1 min.

B.1.2 CVD WSe;, Growth and FETs Preparation

Large-area, few-layer (2-3 L) WSe, films were synthesized on sapphire substrates by metal
organic CVD (MOCVD) in a vertical cold wall system using W(CO)g and HsSe precursors
and Hy carrier gas. Samples were grown at 800 °C at 700 Torr total pressure with W(CO)g
and H,Se precursor partial pressures of 6.2 ~ 10~* Torr and 15.6 Torr, respectively. Full
details of the entire MOCVD growth process including seeding, ripening, growth, and post-
growth annealing steps can be found in the following work. [32] Additional materials and
device characterization of identical WSe; samples and EDL gating can be found in the
referenced work.

EDL-gated FETs were fabricated via standard photolithography (GCA 8500 i-line Step-
per) to define WSe, channel dimensions, source/drain (S/D) contact electrodes, and side-gate

electrodes. WSe, channels were isolated and defined via reactive ion etching in a Plasma
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Therm PT-720 plasma etch tool using an SFg/Os/Ar gas chemistry at 10 mTorr and 100 W
for 30 s. 10/10 nm Pd/Au source/drain metal was deposited by e-beam evaporation under
moderate vacuum (~ 107% Torr) at a deposition rate of 1.0 A s™! followed by lift-off in
acetone and PRS-3000 resist stripper. Following this initial source/drain metal deposition, a
second metallization consisting of 10/150 nm Ti/Au was carried out to define the side-gate
and to thicken source/drain pads for probing through the electrolyte.

In total, CVD-WSe, films were subjected to four levels of photolithography to realize
EDL-gated devices (listed in chronological order): alignment mark metal, WSe, isolation
etch, source/drain metal, and side-gate metal. The photoresist stacks used in these four
lithography steps are listed in chronological order: LOR5A/SPR 3012, LOR2A/SPR 3012,
PMGI SF5(s)/SPR 3012, and LOR5A /3012. LOR2A and LORS5A were baked at 180 °C for
3 min, SPR 3012 was baked at 95 °C for 1 min, and PMGI SF5(s) was baked at 220 °C for
3 min. The resulting photoresist residue on CVD-WSey device channels was most likely a

mixture of these three main photoresists.

B.1.3 Electrical Characterizations

Electrical measurements were made using a Keysight B1500A semiconductor parameter
analyzer in a Lakeshore cryogenic vacuum probe station (CRX-VF) with pressure of 2 x 1076
Torr. To compare the improvement of FET electrical performance by vacuum annealing and
AFM cleaning, a few back-gated WSey FETSs were chosen to be annealed in vacuum and
then cleaned by AFM contact mode with transfer characteristics taken after each process.

Samples were annealed at 400 K for 4 h in the probe station with pressure of 2 x 107% Torr.

B.1.4 Electrolyte Preparation and EDL-gating Experiments

The polymer electrolyte preparation process was similar to previously published re-
sults. [20] PEO:CsClO4 was prepared inside an argon-filled glove box with HoO and O,
concentration < 0.1 parts-per-million (ppm). PEO (Polymer Standards Service, molecular
weight 94,600 ¢ mol™!) and CsClO, (Sigma-Aldrich, 99.9%) were dissolved in anhydrous

acetonitrile (Sigma-Aldrich) to make a 1 wt% solution with the ether oxygen to Cs molar

91



ratio 76:1. The polymer electrolyte was drop-cast (25 pL) onto the 1 cm? sample chip with
CVD WSe, FETs in the glove box, dried at room temperature until the majority of the
solvent evaporated, and then annealed at 80 °C for 3 min. There was no ambient exposure
during sample preparation, transfer and measurement (see Appendix A4).

To compare EDL-gated WSey FET performance with and without AFM cleaning of
the e-beam resist residue, it was necessary to remove the PEO:CsClO, electrolyte after
the first measurement and then redeposit it onto the devices for the second measurement.
First, PEO:CsClO, was deposited on all the FETs for transfer characteristics to establish
the baseline electrical response. Next, the electrolyte was removed by a hot acetonitrile
bath at 60 °C for 30 min and kept inside acetone overnight for 13 h. Note: acetonitrile is
extremely volatile—please read safety data sheet before heating. After the removal of the PEO
electrolyte, half of the FETs were cleaned using AFM contact mode. Last, PEO:CsClO4 was

redeposited on all the FETs and the electrical measurements were repeated.
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B.2 AFM Characterization

AFM characterization of the flakes was carried out using a peakforce tapping mode
(ScanAsyst mode) as described in Appendix Al; whereas AFM cleaning was performed
using contact mode as described in Appendix A3.

Figure B1 shows AFM images of CVD-grown WSe, FETs cleaned by AFM contact
mode using three different setpoints. Images were taken on different FETs. The setpoint
1.33 V was chosen because the residue still exists when the setpoint is 0.92 V, and pinholes

on WSes channel due to scratching starts to appear when the setpoint is 1.66 V.
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Figure B1: AFM images of CVD-grown WSes FET channels cleaned by different AFM contact
mode setpoint: (a) 0.92 V, (b) 1.33 V, and (c) 1.66 V.

Figure B2 shows a AFM image of a partially cleaned CVD-grown WSey; FET channel.
The height difference between the cleaned region and uncleaned region with polymer residue
is ~ 1.2 nm, as indicated by the line scan taken at the blue line on the AFM image. The
roughness was measured within the blue box. The roughness reduced from 0.68 nm to 0.43
nm after the AFM cleaning.

Figure B3 is the AFM Quantitative Nano-mechanical Mapping (QNM) of MoS, with
PMMA residue, and the comparison with the cleaned region. DMT modulus is the reduced
Young’s modulus using the Derjaguin, Muller, Toropov (DMT) model, which is a measure

of the stiffness of solid materials. [187] The PMMA residue region on MoS; has lower DMT
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Figure B2: AFM image of CVD-grown WSes FET channel. The channel surface is partially
cleaned: left (cleaned) vs. right (with polymer residue). The roughness (R,) were measured inside
the blue boxes. The line scan position is indicated by the blue line.

modulus compared to the cleaned region of MoS,, meaning that the deformation of PMMA
residue requires less force than the cleaned MoS, region. MoSy with PMMA residue tends
to be less adhesive, and the deformation of uncleaned region is larger, as expected. We
noticed that the DMT modulus of MoS; exceeds the working range (2 GPa) of the AFM
tip for DMT modulus (RTESPA, 40 N m~!). In this case, the absolute value measured for
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DMT modulus value is affected by the absolute value of stiffness of the AFM tip, which will
cause variation of the results from tip to tip. However, the trend that PMMA residue region
has smaller DMT modulus is always observed because PMMA residue is softer than crystal

surface. Therefore, the difference between the cleaned MoS; and PMMA residue can be at

least qualitatively described by AFM QNM.
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Figure B3: AFM mechanical (QNM) mapping on MoSs using RTESPA AFM tip: (a) (d) defor-
mation; (b) (e) DMT modulus; and (c) (f) adhesion.
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B.3 Raman Measurements

To evaluate the quality of the cleaning, Raman measurements were made using a Ren-
ishaw inVia Raman Spectrometer. Each measurement was taken with exposure time of 12
s, three times of accumulation (1800 | mm™" grating). The measurements were made three
different times on WSey and MoS, flakes: as exfoliated, with the PMMA residue, and after
cleaning. Fach Raman measurement was done on the same flake to avoid flake-to-flake vari-
ation. Large (~ 30 x 10 pm) and thin (10-20 nm thick) WSe, and MoS, flakes were selected
for this study. After exposure to the PMMA residue, the entire surface of each flake was
cleaned by AFM contact mode. A 488 nm Raman laser with beam spot size of 0.8 yum was
used for MoSs, and 633 nm with spot size 1 um for WSe,;. The laser power was set to 10
mW to minimize heating the flake by the laser

Figure B4 shows the spectra taken on flakes that are freshly exfoliated (black), with
PMMA residue (blue), and after AFM cleaning (red) for MoS, and WSey, respectively. The
E,, and A, peaks originating from the stretching and scissoring of Mo-S or W-Se bond
vibrations are assigned accordingly for MoSs and WSe,. [188,189] For both materials, the
intensities of the Ey, and A, peaks increase after AFM cleaning and become more similar to
the intensities of freshly exfoliated flakes. The peak intensity increases after AFM cleaning
for two reasons. One reason is that PMMA residue screens the Raman signal. A second
reason deals with molecular interactions between PMMA and the underlying crystal itself.
For example, if PMMA interacts strongly with the S atoms in MoSs, it will dampen the Mo-S
vibrations. Similar arguments have been made for polymer residue on graphene. [99,110]

To make sure the change in Raman peak intensity is not caused by the variation between
measurements (e.g., intensity differences caused by Raman system realignment), we con-
ducted consecutive Raman measurements on a partially cleaned sample without realigning
the system. AFM of a MoS, flake with PMMA residue is shown in Figure B5 (a), with
a square region (10 x 10 pm) cleaned by AFM. Figure B5 (b) are the corresponding the
Raman spectra taken at the locations indicated by the red and blue spots in Figure B5 (a).
Consistent with all the Raman data collected, the intensities of Egy and A, peaks of MoS,

are larger for the cleaned region because PMMA has been removed.
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Figure B4: Raman spectra of a) MoSy and b) WSey taken in the same region before and after
AFM cleaning for each flake: as exfoliated (black line), with PMMA residue (blue line), and after

the AFM cleaning (red line).
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Figure B5: (a) AFM image of a MoSs flake with a square region cleaned by AFM and uncleaned
region, where red and blue spots indicate the locations of Raman measurement. (b) Raman spectra
of cleaned region (red line) and the region with PMMA residue (blue line).
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Appendix C

Supporting Information for Chapter 3

C.1 CoCrPc Monolayer Deposition on MoS, and WSe,

AFM images of MoSy; and WSe, flakes partially covered in the CoCrPc monolayer are
shown in Figure C1 (a) and (b), respectively. The partial coverage is purposeful because it
allows us to measure the thickness of a single CoCrPc layer. The deposition was achieved by
drop-casting 44 uL of a 13 mg/L CoCrPc solution (CoCrPc dissolved in benzene/ethanol,
9:1 v/v) on a1l x 1 em? Si chip (90 nm SiO,) covered in exfoliated flakes of either MoS,
or WSey. This is followed by a 30-min anneal in Argon at 220 °C. As shown in the line
scans below, the thickness of CoCrPc is confirmed as ~ 0.5 nm, which is in good agreement
with the expected thickness based on DF'T calculations and previously published monolayer

thicknesses on HOPG. [123]
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Figure C1: Monolayer CoCrPc on MoS; and WSes. AFM topology (height) of exfoliated
(a) MoSz and (b) WSey flakes with partial coverage of CoCrPc to measure the thickness of CoCrPc.
For each substrate material, the line scan is shown below each AFM image, with the corresponding
position indicated by the white dashed line.

C.2 Optimization of CoCrPc Monolayer Deposition on WSe,

The volume of the CoCrPc solution deposited per unit area (i.e. the dose) and the
annealing temperature must be optimized to deposit a uniform, single molecular layer of
CoCrPc on a 2D surface. [123] As mentioned above, a CoCrPc solution of 13 mg per liter
of benzene/ethanol (9:1 v/v) is used. As shown below, the CoCrPc dose and annealing
temperature are optimized for monolayer deposition on WSes.

Figure C2 (b) — (d) show the impact of CoCrPc dose on the coverage, where the dose of
CoCrPc increases from 38 to 52 uL cm~2. CoCrPc molecules form a discontinuous monolayer
with ~ 0.5 nm thickness when the concentration is too low (e.g., 38 L cm™ in (b)). In
contrast, when the concentration is too high (e.g., 52 puL cm™2) full coverage of the first
layer is achieved, but a second layer forms on top of the first layer as shown in (d). The

concentration that gives full coverage of a single monolayer is optimized as 50 L cm™2.
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Figure C2: Optimization of the deposition conditions for a monolayer CoCrPc on
WSes. AFM topology scans of the CoCrPc monolayer on WSe, flakes prepared by drop casting 13
mg/L CoCrPc benzene-ethanol solution (9:1 v/v) on 1 x 1 cm? chip, and by annealing for 30 min
in Argon. Left to right: increasing the volume of CoCrPc solution drop-casted on the 1 cm? chip to
increase the coverage of CoCrPc from (b) partial coverage to (d) full coverage with the 2nd layer of
CoCrPc starting to form. Top to bottom: optimizing the annealing temperature to minimize the
amount of CoCrPc aggregates (white particles in (a) and (e)). The optimized deposition condition
is shown in (c). Note that the step edges in (b) — (e) correspond to the WSes layers (not CoCrPc).

In the annealing temperature range of 220 — 260 °C, aggregates of CoCrPc are minimized
at 240 °C, as shown in Figure C2 (a), (c¢) and (e). Thus, the optimal deposition conditions
for the monolayer with full coverage on WSe, is achieved with the dose of 50 uL cm™2 and

annealing temperature of 240 °C.
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C.3 DFT Calculations

The stability of the Of f-state with and without h-BN was estimated by the first prin-
ciples calculations based on density functional theory using the Vienna ab initio simulation
package (VASP). [190,191] The local density approximation (LDA) was carried out to de-
scribe the exchange-correlation potentials. [192] An energy cutoff of 500 eV was used. The
different configurations were fully optimized with a Monkhorst-Pack k-point mesh of 3 x 3 x
1. The converged criterion in structural relaxation was the remnant force on each atom less
than 0.02 eV/ A. To obtain the energetically favorable structure, the adsorption energy (Eaa)
is calculated according to the formula E,y = Eiprar — Ewse2 — En_Bn — Eadsorbate; where Eigiar,
Ewse2, En_Bn, Eadsorbate are the total energies for the whole system, the pristine WSe,y, h-BN,
and CE-Lit complex, respectively. The negative E,4 indicates that the WSe, /CE-Li* /h-BN
structures are stable with a higher absolute value indicating a more favorable state.

To identify the energetically favorable locations of Li* /CE on the WSe, surface, three
configurations were considered: LiT/CE located above the 1) W atom, 2) Se atom and 3)
hollow site of WSe,, denoted as TW, TSe, and C1. Similarly, for h-BN, three configurations
were considered: Lit/CE located above the 1) B atom, 2) N atom and 3) hollow site of
h-BN, denoted as TB, TN, and C2. By comparing the adsorption energies in all three
configurations, the TW and center site (C2) are found as the most stable configurations for
Lit /CE on WSe; and CE/Li" on h-BN, respectively.

For the entire WSe,/CE-Li* /h-BN stack, a 4 x 4 monolayer WSe, supercell and a 2+/7
x 2v/7 h-BN supercell were used to build the supercell to match their lattice constants.
The overall lattice constant of WSey/ CE-Li* /h-BN was set to be 13.15 A. The calculated
Ead after adding h-BN is -5.15 eV, representing an increase in the absolute value of 1.34
eV compared to that without h-BN (-3.81 e¢V). This result indicates the stability of the
Of f-state is improved in the WSe,/CE-Li* /h-BN stack.

The detailed structural parameters are provided in Table C1, including the distance
from the plane of the oxygen atoms and Li* in the CE to WSey or h-BN (i.e., dO-W/N and
dLi™ W/N) as well as the distance between the Lit and O atoms (dO — Li™).
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Figure C3: DFT simulation. Top and side views of different configurations for (a) Li*/CE on
WSey, (b) CE/Li" on h-BN, and (c) WSey/CE-Lit /h-BN.

Table C1: Adsorption energy (E,;) and structural parameters for Lit/CE/WSe,
CE/Li* /h-BN, and WSey/CE-Li* /h-BN configurations.

System Site Euq (eV) | dO-W/N (A) dLit-W/N (A) | dO-Lit (A)
Lif /CE/WSe; | TW 381 577 5.00 217
CE/Li* /BN | C2 .67 3.64 3.53 2.07
WSGQ/CE—

Li* /b-BN C2 -5.15 6.03/3.68 6.06/3.66 2.07
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DFT calculations of the energy barrier to switching with the h-BN cap in the absence of
an applied field are presented in Figure C4 where the energy is normalized to the On-state
energy. The barrier is predicted as ~ 0.6 eV which corresponds to a switching speed of ~
ms according to attempt frequency analysis reported previously. [125] However, as discussed
in the manuscript, the minimum retention time measured experimentally exceeds hours,
meaning that the DFT calculations are underestimating the energy barrier. In addition to
the barrier, the relative energies of the On- and Of f-state are shown in Figure C4, where

the Of f-state is 40 meV larger than the On-state.
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Figure C4: Relative energy of WSe;/CE-Li* /h-BN system corresponding to On- and
Of f-state of MER AM. Insets are the cross-sectional views of three configurations for WSey /CE-
Li™ /h-BN system: On-, transient, and O f f-state.
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C.4 Removal of E-beam Resist Residue on WSe; Channel by AFM Contact
Mode Cleaning

To remove e-beam resist residue on the WSe, FET channel, AFM contact-mode cleaning
was performed using a Bruker Dimension Icon AFM inside an MBraun glovebox. [113] The
polymer residue was push away from the FET channel by the AFM tip (SCM-PIT-v2, 3 N
m~1) during scanning in contact mode. Figure C5 (a) and (b) show the surface topology of a
representative WSes FET measured by AFM before and after the AFM cleaning, respectively,
to confirm the removal of the residue. The surface roughness was averaged over 6 locations
for both the channel surface before and after the cleaning (one of the six locations is indicated
by the blue squares on the scan images). The roughness was reduced from 0.82 + 0.02 to
0.23 + 0.04 nm after the AFM cleaning, which is close to the roughness of freshly exfoliated
WSe, (0.24 £+ 0.02 nm). [113]

As shown in Figure C5 (c¢) and (d), current-voltage measurements of the WSey FET's were
made before (black lines) and after AFM cleaning (red lines) in the vacuum probe station
using a Keysight B1500A semiconductor parameter analyzer. the transfer characteristics
(Ip-Vpg) show that the AFM cleaning does not degrade the maximum current and mobility

of WSey; FETs.
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Figure C5: Removing e-beam resist residue by AFM contact-mode cleaning. AFM
topology scan of one WSep FET channel (a) as fabricated and (b) after AFM cleaning. The
averaged roughness (Rq) values are reported where the error represents one standard deviation
from the mean. The Rq values were calculated based on 6 different locations, with one of the
locations indicated by the 300 x 300 nm blue box. Transfer characteristics of WSes FETSs as
fabricated (black lines) and after AFM cleaning (red lines) are shown in (c) for Device 1 and (d)
for Device 2.

C.5 Conductive AFM of CoCrPc Monolayer

To demonstrate that CoCrPc is electrically insulating, conductive AFM using the Bruker
Peakforce Tuna module was performed on a graphite substrate (HOPG) with partially cov-
ered CoCrPc monolayer. The topography of a HOPG region with discontinuous CoCrPc

coating is shown in Figure C6 (a). The corresponding adhesion mapping is shown in (b),
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where the CoCrPc coated region (appears as darker) is less adhesive to the AFM tip than
the exposed HOPG (brighter). The adhesion mapping is almost independent of changes
in height and only sensitive to surface intrinsic adhesion, which helps us to distinguish the
uncoated region from the HOPG step edges. In Figure C6 (c), the bare HOPG region has
tunneling current (exceeding 1 pA), while the region covered with a CoCrPc monolayer has
~ 0 tunneling current. This result is sensible because CoCrPc is electrically insulating and

prevents current flowing from conductive AFM tip to HOPG substrate.
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Figure C6: AFM images of topology, adhesion and conductivity for CoCrPc on
graphite (HOPG). (a) AFM topology (height) of CoCrPc coated and uncoated regions on HOPG.
(b) Adhesion of CoCrPc coated and uncoated regions on HOPG, showing that the uncoated region
(i.e., bare HOPG) has a higher adhesion with the AFM tip. (c) Tunneling current mapping mea-
sured by conductive AFM (Peakforce Tuna), with an applied voltage of 800 mV. The line scan of
the tunneling current is shown below the scan where the line scan position is indicated by a dashed
line in (c).
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C.6 Transfer Measurements and Analysis

As shown in Figure C7, programming tests were conducted on the same WSey FET
(a) before, (b) after CoCrPc deposition (c) after LiClO4 deposition and (d) after capping
with few-layer h-BN. On the bare FETS, the opening between the transfer curves after pro-
gramming is nearly identical to the intrinsic hysteresis measured without any programming
applied. However, by adding a monolayer of CoCrPc, the magnitude of the shift between
the two transfer curves after programming increases, showing that CoCrPc itself already has
some degree of bistability, as reported previously on graphene. [126] The magnitude further
increases by adding Li™ the CoCrPc to achieve stronger the desired doping effect. After
capping the channel with few-layer h-BN, the bistability is enhanced significantly, reflected
by an additional shift of the transfer curve towards positive Vg after programming Of f.

To quantify the shifts in the transfer curves after programming, we track the V, defined
as the smallest voltage within the subthreshold swing (SS) region over two decades of current

(Figure C8).
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Figure C7: Transfer characteristics of a backgated WSe; FET with programming tests
conducted under four conditions. (a) Programming tests on the WSey FET after vacuum
anneal without the electrolyte (i.e., bare WSey). The unprogrammed condition is marked as black
dotted line, and the transfer curves after programming are marked as red for programming Of f
and blue for programming on. (b) Programming tests after depositing only CoCrPc on the WSey
FET. Three consecutive measurements are shown for both Off- and On-state. The CoCrPc
itself shows some degree of bistability, and it the characteristics are repeatable. (¢) Programming
tests after adding LiClO4 to the CoCrPc. The magnitude of threshold voltage shift increases
significantly, indicating an increase in the channel doping. (d) Programming tests after adding the
h-BN capping layer on top of the monolayer electrolyte on the FET. The threshold voltage shift
increases, particularly for the O f f-state.
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Figure C8: The subthreshold swing and the V; for the On- and Of f-state after pro-
gramming. The transfer curves for the bare WSe, FET, after adding CoCrPc + Li™ and after
adding h-BN are shown in (a) — (c) in a log y-axis scale, with the black solid lines indicating
the range over which the subthreshold swing is calculated (i.e., at least two decades of current).
The minimum voltage of the SS range is defined as Vg to quantify the On- and Of f-states after
programming the device. The transfer curves are repeated in (d) — (f) on a linear scale, with the
threshold voltage shift (0Vy;,) shown for each.

C.7 Programming Tests

The programming tests were designed to modulate the state of the monolayer electrolyte
during the 5-min programming time with a constant back gate voltage, and then to sense
the state as a result of programming using a fast single sweep (7.5 V/s). The direction of
transfer scan is designed to be in accordance with the polarity of previous programming to

minimize the possibility of altering the state during the sense process. [126] For example,
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after programming at +30 V, the transfer curve is measured from +30 to -30 V. In this way,
the reverse programming of the device is minimized during the transfer measurement. In
addition, at the beginning of a programming test series (before a programming voltage is
applied), we took a fast (7.5 V/s) double sweep transfer scan to sense the state(s) of device

in an unprogrammed condition.

For example, as shown above in Figure C8 (b), for the MERAMs without h-BN, a
fast double sweep transfer scan was taken before the programming tests, which showed a
small shift of V; that is likely caused by charge trapping and detrapping at the WSe,/SiO4
interface. [129, 130] Note that we observed identical small shifts of V, on the bare WSey
FETs (Figure C8 (a)). After the programming tests, we clearly sense the two states of the
monolayer electrolyte, which are indicated by the two transfer curves with large shift (V).
The transfer measurements themselves do not program the device, and this is backed-up by
two pieces of evidence on the MERAM without h-BN: 1) the initial double sweep transfer
scans are similar to the bare FETs, and 2) the V shift is much larger for the transfer
curves after programming than the initial double sweep for unprogrammed devices. These

observations are in accordance with previous results on graphene FETSs. [126]

In contrast, for the MERAM for which h-BN has been added, the initial double sweep
transfer scans exhibit an increased Vs shift compared to the bare FETs. More specifically, the
magnitude of the Vs shifts is comparable to those observed during programming (black dash
in Figure C8 (c)). Thus, in contrast to the devices without h-BH, the state of the monolayer
electrolyte was switched during the transfer scans, which could possibly be explained by h-
BN reducing the energy barrier to switching. To investigate the minimum voltage required
to switch the device, we monitored the On/Of f ratio of two states while varying the Vg
(see Figure C12 (Device 2)). Using a programming voltage of ~ £ 20 V and a programming
time of one-second, we can switch the states of the monolayer electrolyte with an On/Of f
ratio of ~ 10*. This finding agrees with our observation in the programming test transfer
measurements and supports the conclusion that the device with h-BN was switched during
the transfer scans of -30 to 30 V and then back to -30V. The reason that the transfer curves do
not overlap above the measured minimal switching voltage (~20 V) can likely be attributed

to intrinsic hysteresis caused by charge trapping (Figure C8 (c)).
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Because of the bistability of MERAM, the hysteresis window is expected to be a function
of the sweep rate. Thus, double transfer scans were measured at sweep rates varying from ~
100 mV/s to 10 V/s on an unprogrammed, newly fabricated MERAM (Device 3). Figure C9
shows that the hysteresis increases with decreasing sweep rate as more time is provided for
the ions to switch. This result agrees with our previous observation on monolayer electrolyte
graphene FETs. [126] Note that this trend is the opposite of the trend for ion-gated FETSs

without bistability where hysteresis decreases with decreasing sweep rate.

Unprogrammed MERAM (with h-BN)

10
——925V/s
10"y ——1.25 Vs
——01Vls
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Figure C9: Double-sweep transfer characteristics of an unprogrammed MERAM (De-
vice 3) as a function of sweep rate. The scans were taken from negative to positive Vg and
back with the sweep rates of 9.25 (black), 1.25 (blue) and 0.1 V/s (red). Vpg = 100 mV.
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C.8 Bistability of the Monolayer Electrolyte on MoS,; FET's

The bistability of monolayer electrolyte has been also observed on other 2D MER-
AMs. For example, the monolayer electrolyte was deposited and on back-gated MoS; FETs
(Figure C10 (a) — (c)) and the electrical measurements (Figure C10 (d)) indicate a similar
shift of V after programming On/Of f, indicating the bistability.
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Figure C10: Backgated MoS; MERAM. (a) Device schematic of a backgated MoS, FET with
the monolayer electrolyte. (b) Optical image of a device. (c¢) AFM scan of a MoSy channel with
the monolayer electrolyte; the white particles are CoCrPc aggregates. (d) Transfer characteristics
before (black dash) and after programming Of f (red line) and On (blue line).
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C.9 Program/erase on a Backgated WSe, FET with Only the Monolayer
Electrolyte (no h-BN)

Figure C11 shows the endurance (a) and retention test (b) on a MERAM without h-
BN capping. Two distinct states are observed during 1000 cycles of program/erase and each
state can be maintained over six hours, but with a smaller On/Of f ratio (~ 1.3) compared

to the devices capped with h-BN.
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Figure C11: Program/erase tests using Vp; on a backgated WSe; FET with only
monolayer electrolyte (no h-BN). (a) Program/erase endurance test. 1000 cycles of pro-
gram/erase with pulse with of 1 s, readout time of 10 s, and Vpg = 500 mV. (b) Retention test.
Program /erase with 60 s pulse and Ip monitored for 6 hours. High/low current states are in
blue/red color, respectively.
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C.10 Program/erase Measurements as a Function of Back Gate Voltage on

Two MERAMs (with h-BN)

In Figure C12, the On- and Of f-states are monitored while varying the |V | during
program/erase (negative/positive Vpg) for 2 MERAMs. Note that the minimum Vpgg re-
quired to fully switch the MERAM from one state to the other is different on two MERAMs,
which could be due to the differences in field screening resulting from varying WSe, channel

thicknesses (~ 8 nm for Device 1, 6 nm for Device 2).
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Figure C12: Program/erase tests using different Vs on two MERAMSs. The program
and erase voltages vary from £+ 5 to + 30 V. The pulse width is 1 second and the readout is 10
seconds at Vg = 0 V; Vpg = 500 mV. Data at each point are averaged over 12 program/erase
cycles with the error bar indicating one standard deviation from the mean.
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Appendix D

Supporting Information for Chapter 4

D.1 Electrolyte Preparation

D.1.1 Single-ion Conductor Synthesis

The polyester single-ion conductor was synthesized by a two-step melt condensation be-
tween poly(ethylene glycol) (PEG) 400 (Mw = 400 g mol~!) and dimethyl 5-sulfoisophthalate
sodium salt. [141] The resulting polyester Na was then sealed in semipermeable dialysis mem-
branes and exposed to an excess of LiCl (0.5 M) in deionized water to exchange Na+ for
Lit. [141] The final product, polyester Li (PE400-Li), was dissolved in dimethylformamide
(DMF) inside an Ar-filled glovebox to obtain a 3 wt % solution. The solution was drop-cast
on graphene and MoTey FETSs (8 uL on the 1 cm? chip), and the DMF was removed by evap-
orating naturally in the glovebox overnight. The FETSs coated with the single-ion conductor

were transferred back to the probe station using the load lock for subsequent measurements.

D.1.2 Dual-ion Conductor

The dual-ion conducting polymer electrolyte (PEO:CsClO,) was prepared similarly to
previously published work. [20] PEO (Polymer Standards Service, Mw = 94600 g mol~!) and
CsClOy4 (Sigma-Aldrich, 99.9%) were dissolved in anhydrous acetonitrile (Sigma-Aldrich)
to make a 1 wt % solution with an ether oxygen to Cs molar ratio of 76:1. Twenty-five

microliters of the solution was drop-cast onto the 1 cm?

sample of graphene FETSs in the
glovebox, dried at room temperature until the majority of the solvent evaporated, and then

annealed at 80 °C for 3 min.
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D.2 DSC of Single-ion Conductor

DSC samples were prepared inside the Ar-filled glovebox. 8.7 mg of single-ion conductor
(PE400-Li) and 7.1 mg PEO:CsClO4 were hermetically sealed in an aluminum DSC pan.
Measurements were made on a TA 250 calibrated with an indium standard. To measure the
glass transition temperature (Ty) and the melting temperature (T,,), samples were heated
to 100 °C to erase thermal history, cooled to -70 °C at 3 °C min-1 and heated to 100 °C
at 5 °C min~!. As shown in Figure D1 (a), the glass transition temperature of single-ion
conductor is identified at 14.5 °C, while only a very subtle melting feature is found at around
75 °C (see the inset in (a)). In contrast, the dual-ion conductor, PEO:CsClOy, (ether oxygen
to Cs molar ratio = 76:1), has a T, of -31.5 °C with a distinct melting peak (T,,) at 63.6
°C shown in (b). Although the single-ion conductor is almost completely amorphous, the
higher T, indicates slower segmental polymer mobility and therefore lower ion mobility. This
result is consistent with the larger hysteresis in the transfer measurements observed for the

single-ion conductor compared to the dual (Figures 15 and 16(a)).
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Figure D1: Heat flow versus temperature for (a) single-ion conductor and (b) dual-ion conductor
(PEO:CsClOy, ether oxygen to Cs equals 76:1) showing glass transition (T,) and melting (T,,)
temperatures (inset plots) during the second heating.

D.3 Estimation of EDL Capacitance in the Single-ion Conductor Device

The EDL capacitance induced by the single-ion conductor is estimated by a DC mea-
surement. A series of Vgg transfer measurements under various Vg are plotted in Figure
D2 (a). Vpe was held at one value while sweeping Vgg with Vpg fixed at 0.05 V. The
location of the Dirac point in the side gate transfer scans is a function of V. Specifically,
the Dirac point shifts towards positive Vgg values as the Vg becomes more negative. The
extent of the shift along the Vgg axis is almost linearly proportional to the applied Vpgg, as

shown in Figure D2 (b). The blue squares are experimental data and the solid lines represent
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a linear fit. The slope of the solid line (i.e., AVpg/AVgq) is 43.33. For the double-gated
device with a thin channel and thick back gate oxide, this ratio can be used to calculate the
capacitance of the electric double layer (Cgpr) as Cgpr/Cox = -AVpg/AVsa. [193,194]
Using eox = 3.9 and tox = 90 nm, Cox is 0.0383 uF cm~2, and the calculated Cgpy, is ~
1.66 uF cm~2, which is similar as the Cgp;, measured on dual-ion conductors. [54] Nearly
equivalent capacitances between the single- and dual-ion conductors implies the possibility
of achieving similar gating capability and carrier densities, which is in agreement with the

experimental findings and simulation results presented in the manuscript.
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Figure D2: (a) Transfer characteristics of a graphene FET gated by the single-ion conductor
(through a side gate, V) while under a series of constant back gate voltages (Vg = 0, -5, -7.5,
-10 V). (b) Dirac point (blue dot) in the side gate transfer curves (Vgg) as a function of Vpg.
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D.4 Impact of Device Geometry on Charge Density

Figure 15 in the manuscript presented how the single ion conductor produces different
magnitudes of carrier density under positive and negative voltage. This unequal charge
density is directly related to device geometry. To elaborate on this, the transient carrier
densities for both conductors are shown in Figure D3 to highlight the dependence of carrier
densities on geometry. My labmate (Aaron Woeppel) modeled 3 geometries including: (a)
the grounded electrode (2.5 pm) is 10 times smaller than ungrounded electrode (25 pm); (b)
both electrodes are long (50 pm in length); and (c) both electrodes are equally small (2.5
pum).

The modeling shows that a dual-ion conductor will always produce EDLs with equal
carrier density under both positive and negative applied voltage, regardless of whether elec-
trode sizes is equal. Meanwhile, a single-ion conductor will only produce symmetric carrier
densities (either constituting an EDL or depletion region) if the electrodes are equally sized.

In addition, the magnitude of charge density depends on the ratio between the area of
the two electrodes. Using the unequally sized electrodes (Figure D3 (a)) resulted in a greater
carrier density per area adjacent to the grounded electrode than using equally sized electrodes
(Figures D3 (b) and (c)). This is because the large electrode will have a higher capacitance
requiring less voltage drop to sustain the same charge. Since the depletion region near the
larger electrode requires less voltage drop, EDLs near the smaller (grounded) electrode can
produce larger voltage drops resulting in greater carrier density. The voltage sweeps shown
in Figure D3 (a) show such an increase in carrier density (compared with D3 (b) or (c)). The
only exception is when a depletion region forms near the grounded electrode. When the two
electrodes have equal area, the depletion region already requires a large voltage drop (0.75
out of 1 V). When the depletion region is adjacent to a small grounded electrode, it requires
an even larger voltage drop constituting nearly the entirety of the applied voltage (0.95 out
of 1 V). Because of the large voltage drop required to create a depletion region near a small
electrode, the single-ion conductor does not produce a significantly higher carrier density

under negative bias after implementing the new geometry.
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Figure D3: (Left column) Schematics of a single-ion conductor with charge accumulations under
the applied voltages, and (right column) the corresponding accumulated charge carrier densities
for the single-ion (red) and dual-ion conductors (blue) during sweeping the applied voltages. The
dependence of charge density on the ratio of electrode size is illustrated in 3 geometries during 1D
modeling: (a) electrode size (right, 25 pm in length) = 10x electrode (left, grounded, 2.5 um); (b)
equally sized electrodes (50 pm in length); and (c) equally sized small electrodes (2.5 pm in length).
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To ensure the increase in sheet density was the result of unequal electrode length and
not simply changing the area of the electrode of interest, both electrodes were decreased to
the smaller size (2.5 pm), and results are shown in Figure D3 (c). Zero charge boundary
conditions were once again employed to maximize similarity between this geometry and the
original equally sized electrode geometry. This geometry resulted in carrier densities (Figure
D3 (c)) of similar magnitude to the geometry in Figure D3 (b) where the two electrodes are
both 50 pm long.

Interestingly, we also noticed that reducing the ungrounded electrode (right side) size
also reduced the achievable carrier density for both the single- and dual-ion conductors. This
could suggest that - as a general rule - it is desirable to design the gate electrode larger than

channel size for EDL gating to achieve a higher carrier density in the channel.
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D.5 AFM Topology Scan After Single-ion Conductor Removal

After washing with DMF
(before AFM cleaning)

After washing and AFM
cleaning

; ) L Rg = 0.26 £ 0.03 nm
Rg =242 £0.19 nm e,
Residue of single~ion -5.0 nm
conductor
Height Sensor 400.0 nm  Height Sensor 400.0 nm
Gl .. 7
E 7 Adter DMF washing
-
£ 1
=]
[F]
0 |
0.0 0.2 0.4 0.6 0.8

Distance (um)

Figure D4: AFM topology scan of one graphene FET channel (a) after washing the single-ion
conductor with Dimethylformamide (DMF) but before AFM cleaning, and (b) after AFM cleaning.
The averaged roughness (R,) values are reported where the error represents one standard deviation
from the mean. R, was calculated based on 6 different locations, with one of the locations indicated
by the 400 x 400 nm white box. (c) Line scans of flake height before (black) and after AFM cleaning
(red line). The positions of line scans are indicated by white lines on AFM images.
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D.6 Output Characteristics of Single-ion Conductor Gated MoTe, FET

The output characteristics of a single-ion conductor gated MoTe, FET under four dif-
ferent gate voltages is shown in Figure D5 (a) and zoomed-in for the small current region
in (b). Ip increases as the gate voltage increases from 0 to 3 V, indicating the effective gate

control of channel current using the single-ion conductor. No saturation is observed up to

Vp=1V.
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Figure D5: (a) Output characteristics of a single-ion conductor gated MoTey FET under four
different gate voltages (0 - 3 V). (b) The zoomed-in plot at small Ip region on the same output
characteristics.
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Appendix E

Supporting Information for Chapter 5

E.1 Using Doubly-polymerizable Ionic Liquid to Create a Graphene P-N

Junction

E.1.1 Device Fabrication

The same e-beam lithography process has been employed to fabricated all kinds of devices
used in DPIL project, including the four-electrode graphene device for p-n junction, graphene

and WSey FETSs before electrolyte deposition.

Graphene (~ 1.5 nm thick) and WSe, flakes (~ 3-10 nm thick) were exfoliated from the
bulk (HQ Graphene) by mechanical cleaving (i.e., Scotch tape method) and transferred to
a1l x 1 cm? p-type Si (Graphene Supermarket, resistivity 0.001-0.005 ohm cm) with 90
nm SiOy. The substrate was pre-cleaned with acetone, isopropanol (IPA), deionized (DI)
water and dried with Ny. E-beam lithography (Raith e-LINE) was used to pattern the
electrodes. PMMA-950-A4 (MicroChem) was spin-coated at 4000 rpm for 1 min and then
annealed at 175 °C for 7 min. After exposure, the resist was developed in methyl isobutyl
ketone MIBK:IPA (1:3 volume ratio) for 2 min, and rinsed with IPA for another 2 min. E-
beam evaporation (Plassys Electron Beam Evaporator MEB550S) was used to deposit metal
electrodes (3 nm Ti; 130 nm Au) at a base pressure < 1 x 107° Torr. Lift-off was performed

in acetone overnight for 9 hours, followed by IPA, DI water rinse and Ny drying.

Using contact-mode atomic force microscopy (AFM, Bruker Dimension Icon) as described
in Appendix A3, e-beam resist residue was removed from the graphene between the elec-
trodes. Before electrical measurements, samples were annealed at 127 °C (400 K) in vac-
uum at a pressure of 9 x 1077 Torr for 4 hours. Electrical measurements were made on a

Lakeshore cryogenic vacuum probe station using a Keysight B1500A semiconductor parame-
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ter analyzer. After initial measurements on bare devices, the samples were transferred to an
Ar-filled glovebox (HoO and O, concentration < 0.1 parts-per-million (ppm)) for electrolyte

deposition.

E.1.2 DPIL Preparation and Heat-induced Polymerization for the P-N Junc-

tion

DPIL monomers, 1-[(2-methacryloyloxy)ethyl]-3-methylimidazolium 1-[3-(methacryloy-
loxy)propylsulfonyl]-1-(trifluoromethane-sulfonyl)imide, were synthesized according to ref-
erence. [179,195,196] One mg of the thermal initiator, azobisisobutyronitrile (AIBN), was
dissolved in 100 pL unpolymerized DPIL monomer, and then drop-cast in the glovebox (25
puL over 1 ¢cm?) with thickness estimated to be ~ 200 um according to the cast volume.
The samples were transferred to the probe station via a load-lock using an Ar-filled stain-
less steel suitcase. A programming voltage (V2 = +1 V and V3 = -1 V) was held for 10
min for p-n junction formation, followed by a 6-hour polymerization anneal at 353 K with
the voltage applied, which is more than sufficient for immobilizing ions by polymerization.
After polymerization, the device was cooled at p 0.3 K/min to room temperature and the

programming voltage was removed.
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E.2 Capacitor Measurements of Ion Release Using Triggerable Polymerizable

Ionic Liquids

E.2.1 Capacitor Fabrication

1 x 1 cm? Si substrates with 90 nm SiO, (Graphene Supermarket, resistivity 0.001 -
0.005 ohm cm) were pre-cleaned with acetone, IPA, DI water and dried with No. LOR5B
(MicroChem) photoresist was spin-coated on the substrate at 4000 rpm for 1 min and an-
nealed at 195 °C for 9 min. A second photoresist, S1805 (Microposit, 5000 rpm, 1 min), was
spincoated on top of the first and annealed at 115 °C for 5 min. Capacitors were patterned by
direct write photolithography (Heidelberg MLA100) with 10 mm electrode spacing. Samples
were developed for 75 s in Microposit 351, 30 s in DI water, 40 s in AZ 400K (Microchemical),
rinsed in DI water for 30 s and dried with No. Ti/Au (3/140 nm) was deposited by e-beam
evaporation (Plassys MEB550S) at < 1 x 107% Torr. Lift-off was performed in Remover PG

(MicroChem) overnight for 9 hours, followed by IPA, DI water rinse and Ny drying.

E.2.2 Deposition and UV Polymerization of Polymerizable Ionic Liquids

The unpolymerized triggerable and non-triggerable singly polymerizable ionic liquids (T-
SPIL and NT-SPIL, respectively) were drop-cast on the capacitors (25 uL over 1 cm?) in an
argon-filled glovebox with H,O and Oy < 0.1 ppm. The samples were transferred without
air exposure from the glove box to a cryogenic vacuum probe station (Lakeshore, CRX-VF)
via a custom load-lock for electrical measurements at 2 x 107% Torr and 295 K. After the
measurements, the samples were transferred back to the glovebox for UV polymerization.
~ 5 pL of a 0.25 wt% solution of 2,2-dimethoxy-2-phenylacetophenone in dichloromethane
was added to each T- and NT-SPIL by drop-casting and natural drying in the glove box.
The samples were UV polymerized using a UVP Compact UV lamp (1 = 365 nm, P = 1.3
mW cm™2 at 7.6 cm) at a working distance of 1.5 cm for 30 min. After polymerization, the
samples were transferred back to the probe station without exposure to air to complete the

electrical characterization over a temperature range of 295 to 400 K.
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E.2.2.1 Electrical Characterization of Capacitor Charging Current Charging
current was monitored with time using a Keysight B1500A semiconductor parameter ana-
lyzer. Voltage was applied to terminal 1 (V1) with terminal 2 (V2) grounded while monitor-
ing the current (I1) for 5 minutes. The current decayed to < 50 pA within the measurement
time indicating a full charge. V1 = +1.5 V for T-SPIL; V1 was reduced to +0.5 V for NT-
SPIL to meet the current sensor range. Similarly, a discharge time of 5 minutes was set to
ensure full discharging of the device to avoid hysteresis. To detect ion mobility as a function
of temperature, the charging and discharging measurements were made on the polymerized
samples over a temperature range of 295 to 395 K, with 10 K steps and a ramp rate of
2 K/min. Measurements at 400 K were repeated twice with a 4 hour wait time between
measurement to monitor stability. Once the setpoint was reached, the sample was held at
the set temperature for 5 min prior to measurement to establish thermal equilibrium. Lastly,

samples were cooled from 400 to 295 K at 0.3 K/min and measured at 295 K.
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Appendix F

Co-authored Publications

For the research presented in this dissertation, I co-authored several publications listed
below; my specific contributions are also highlighted:

1. Liang, J.; Xu, K.; Wu, M.; Hunt, B.M.; Wang, W.H.; Cho, K.; Fullerton-Shirey, S.K.
“Molecularly thin electrolyte for all solid-state nonvolatile two-dimensional crystal memory”,
Nano Letters, 19.12 (2019): 8911-8919.

Contribution: manuscript preparation, electrolyte preparation, device fabrication and
AFM cleaning, optical and AFM characterization, electrical measurements.

2. Liang, J.; Xu, K.; Toncini, B.; Bersch, B.; Jariwala, B.; Lin, Y.; Robinson, J.;
Fullerton-Shirey, S.K. “Impact of post lithography polymer residue on the electrical char-
acteristics of MoSy and WSe, field effect transistors”, Advanced Materials Interfaces, 6.3
(2019): 1801321.

Contribution: manuscript preparation, electrolyte preparation, device fabrication for
backgated FETs, AFM cleaning for all devices, optical and AFM characterization, Raman
spectroscopy, electrical measurements.

3. Xu, K.; Liang, J. (co-first author); Woeppel, A.; Bostian, M.; Ding, H.; Chao,
Z.; McKone, J.; Beckman, E.; Fullerton-Shirey, S.K. “Electric double-layer gating of two-
dimensional field-effect transistors using a single-ion conductor”, ACS Applied Materials €
Interfaces, 11.39 (2019): 35879-35887.

Contribution: manuscript preparation, device fabrication, AFM cleaning, optical and
AFM characterization.

4. Liang, J.; Xu, K.; Arora, S.; Laaser, J.; Fullerton-Shirey, S.K. “Ion-locking in solid
polymer electrolytes for reconfigurable gateless lateral graphene p-n junctions”, Materials,

13.5 (2020): 1089.
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Contribution: manuscript preparation, electrolyte preparation, device fabrication, AFM
cleaning, optical and AFM characterization, electrical measurements, ion-locking using poly-
merization.

5. Arora, S.; Liang, J.; Fullerton-Shirey, S.K.; Laaser, J. “Triggerable ion release in
polymerized ionic liquids containing thermally-labile diels-alder linkages”, ACS Materials
Letters, 2.4 (2020): 331-335. (Featured as cover art by J. Liang)

Contribution: manuscript preparation, cover art preparation, electrolyte deposition, ion-
locking using polymerization, capacitor fabrication, electrical measurements.

6. Sun, Z.; Beaumariage, J.; Xu, K.; Liang, J.; Hou, S.; Forrest, S.R.; Fullerton-Shirey,
S.K.; Snoke, D.W. “Electric-field-induced optical hysteresis in single-layer WSey”, Applied
Physics Letters, 115.16 (2019): 161103.

Contribution: figure preparation, electrolyte preparation, device fabrication, optical and

AFM characterization.
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F.1 Publications

The studies of ion-controlled electronics presented in this dissertation have been published

in six papers as attached in this section.
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ABSTRACT: A molecularly thin electrolyte is developed to demonstrate a nonvolatile, solid-state, one-transistor (1T) memory
based on an electric-double-layer (EDL) gated WSe, field-effect transistor (FET). The custom-designed monolayer electrolyte
consists of cobalt crown ether phthalocyanine and lithium ions, which are positioned by field-effect at either the surface of the
WSe, channel or an h-BN capping layer to achieve “1” or “0”, respectively. Bistability in the monolayer electrolyte memory is
significantly improved by the h-BN cap with density functional theory (DFT) calculations showing enhanced trapping of Li*
near h-BN due to a ~1.34 eV increase in the absolute value of the adsorption energy compared to vacuum. The threshold
voltage shift between the two states corresponds to a change in charge density of ~2.5 X 10" cm™, and an On/Off ratio
exceeding 10* at a back gate voltage of 0 V. The On/Off ratio remains stable after 1000 cycles and the retention time for each
state exceeds 6 h (max measured). When the write time approaches 1 ms, the On/Off ratio remains >10% showing that
the monolayer electrolyte-gated FET can respond on time scales similar to existing flash memory. The data suggest that faster
switching times and lower switching voltages could be feasible by top gating.

KEYWORDS: Nonvolatile memory, iontronics, ionic gating, electric double layer, field effect transistor, 2D crystal

loating-gate flash memory (e.g, NAND and NOR Flash), floating gate,'* the polarization switching mechanism in

the most popular nonvolatile memory (NVM), uses a one- ferroelectric devices shows promise for energy-efficient switch-
transistor (1T) cell structure where a field-effect transistor ing with nondestructive read-out, write endurance, and
(FET) serves both as the cell selector and the storage node."” scalability for the sub-10 nm technology node.">™"” Here we
The 1T architecture exhibits better scalability and simpler propose a new 1T NVM concept that uses ions to program and
integration than the one-transistor, one-capacitor (1T1C) hold the polarization state of an electrolyte that is a single
structure used in, for example, dynamic random access molecule thick.""™*' The device, referred to as monolayer
memory (DRAM).” Among the emerging NVM devices, electrolyte random access memory (MERAM), resembles the
ferroelectric gate transistors allow 1T architecture. These FeFET and NCFET because it also relies on polarization
devices can be used both as a memory (FeFET)>~° and also as
a low-voltage logic device (NCFET)’~"* with appropriate Received: September 13, 2019
ferroelectric design. Compared to Flash memory which Revised:  October 22, 2019
requires >10 V to inject and withdraw electrons from a Published: October 29, 2019

ACS Pub“ca‘tions © 2019 American Chemical Society 8911 DOI: 10.1021/acs.nanolett.9b03792
g Nano Lett. 2019, 19, 8911-8919
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Monolayer electrolyte: CoCrPc-Li*
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Figure 1. Monolayer electrolyte structure and mechanism, and fabricated MERAM device. (a) Structure of the monolayer electrolyte consisting of
CoCrPc and four Li* with one in each crown-ether ring (top), and side views of the two energetically favorable configurations of the monolayer
electrolyte (bottom). These two configurations correspond to the On- and Off-states; note that the ether oxygens in the crown are positioned up or
down along with the Li*. (b) DFT results for two Off-state configurations: (top) CE-Li* on WSe, exposed to vacuum only, and (bottom) CE-Li*
on WSe, capped by h-BN. (c) MERAM schematic, sideview of the WSe,/monolayer electrolyte/h-BN stack, and an optical image of the MERAM
(false colored, Device 2). (d) AFM scans of the WSe, FET channel (Device 2) after AFM cleaning (left) and after CoCrPc deposition (right), and

the corresponding line scans.

switching, but offers the potential to integrate the mechanical
and electrical properties of two-dimensional (2D) crys-
tals.””>° For example, in the area of flexible nanoelec-
tronics,”’ ~>” MERAM avoids the challenges of growing oxides
on flexible and 2D surfaces that are free of dangling bonds.
The operating mechanism of MERAM is the modulation of
channel resistance by an electric double layer (EDL) formed at
the interface of the channel and a molecularly thin electro-
lyte."®"*' The EDL acts as an interfacial capacitor (thickness
~1 nm), controlling charge carrier accumulation or depletion
in the semiconductor channel.””*" The main advantage of the
EDL is the proximity of the ions to the channel surface, which
induces large capacitance densities (1—10 uF cm™2)
corresponding to sheet carrier densities in the range of
108-10" cm™2.°>*>* The high capacitance could lower the
operating voltage as required for power-efficient electronics.
EDL gating is a common technique for 2D materials,
enabling iontronics with various functions.>>>*~*° However, in
conventional electrolytes such as solid polymer electrolytes and
ionic liquids/gels, a gate voltage must be continuously applied

8912

to hold the state of the device. When the bias is removed, the
ions diffuse from the semiconductor surface and the state is
lost, making these materials unsuitable for NVM. Moreover,
the speed of the device will depend on the velocity of the ions,
which is directly proportional to the ionic conductivity and the
electric field strength and can be increased by decreasing the
electrolyte thickness.””*’ Therefore, we developed a new
electrolyte with the thickness scaled to a single molecular layer
and with a switching barrier for state retention. The monolayer
electrolyte consists of cobalt crown ether phthalocyanine
(CoCrPc) with four, 15-crown-$ ethers covalently bonded to a
cobalt-substituted phthalocyanine.'*™>"*" Each crown ether
(CE) can solvate one Li*. CoCrPc is solution processable as
desired for high-throughput deposition and printable
circuits.'**** Using simple drop-casting and annealing, the
CoCrPc molecules form a flat and ordered array on 2D
materials. We have demonstrated single monolayers of CoCrPc
with a bandgap of 1.34 eV on highly oriented pyrolytic
graphite (HOPG)'® and graphene FETs,”" and on WSe, and
MoS, in this work (Figure S1 and S2, Supporting

DOI: 10.1021/acs.nanolett.9b03792
Nano Lett. 2019, 19, 8911-8919
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Information). Charge carrier modulation, bistability, and
nonvolatility have been previously demonstrated by us in
graphene FETs.”' Density functional theory (DFT) reveals
two energetically favorable configurations when the CE is
positioned at the surface of a 2D material: 2D/Li*/CE and
2D/CE/Li*, where Li* is closer to and further from the 2D
surface, respectively.'” Under an applied electric field normal
to the plane of the CE molecules, lithium ions overcome an
energy barrier of 0.3 eV to pass through the cavity of the CEs,
switching from one configuration to another and causing a
change in the channel charge density and conductivity.”” The
height of the energy barrier can be modulated by the strength
of the applied field, suggesting the possibility of subvolt
switching and long (i.e., years) retention.””*'

Our previous studies of the monolayer electrolyte were
reported on graphene, a semimetal without a bandgap and
therefore a low On/Off current ratio.”' In contrast, a 2D
semiconductor with a subthreshold region near 0 V is optimal
because larger On/OAf ratio can be achieved, and the device
can be read at 0 V without disturbing the memory state.
Herein, we demonstrate a MERAM based on a stack of WSe,/
monolayer electrolyte/h-BN. WSe, is selected as the semi-
conductor due to its subthreshold region near 0 V,* sizable
bandgap (~1.2 eV for few-layer),"* and relatively high carrier
mobility (~140 cm? V™! s71).* A multilayer h-BN serves as
the capping and encapsulation layer,”>*® which could also be
used in the future as a top-gate dielectric."’ Transfer
characteristics of the MERAM show bistability with an On/
Off ratio of 10° at a read voltage of Vi = 0 V. Endurance tests
show an On/Off ratio maintained at ~10° after 1000 cycles of
program/erase (max measured) and the retention of each state
exceeds 6 h (max measured). In addition, the On/Off ratio
remains >10> at the switching speed of 1 ms, which is the
shortest time measured.

MERAM Mechanism. Figure la shows the structure of the
monolayer electrolyte; the mechanism is represented by
the schematics of the two stable CE-Li" configurations
(based on previous DFT calculations'”?°). Under a negative
back gate voltage, CE-Li" is pulled near the 2D channel,
forming an EDL at the interface and doping the channel n-
type; this state is denoted as the On-state where the Li" is
stabilized by both the 2D surface and the CE. The Off-state is
created under positive back gate voltage where CE-Li* is
pushed away from the channel, reducing the n-doping.

To enhance the Off-state stability, a capping layer of h-BN is
added such that the Li* is stabilized by both CE and h-BN.
The degree of stabilization is estimated by DFT calculations
with and without the h-BN layer, shown in Figure 1b. The
most energetically favorable location of the CE-Li" complex on
WSe, corresponds to Li* aligned directly above W atom
(Figure S3, Supporting Information). In the Off-state, the
absorption energy (E,4) between the CE-Li* and WSe, with no
capping layer (ie., in vacuum) is —3.81 eV; however, the
adsorption stability is enhanced to E,4 = —5.15 eV by capping
with h-BN. Thus, h-BN deepens the energy well of the Off-
state by an additional —1.34 eV and is therefore predicted to
stabilize Li* in the Off-state configuration: WeS,/CE/Li*/h-
BN.

MERAM Assembly. To monitor EDL switching dynamics,
MERAMs of WSe,/monolayer electrolyte/h-BN were fabri-
cated (Figure 1c). In brief, few-layer WSe, (thickness ~6—8
nm) flakes were exfoliated and Pd/Au source-drain contacts
were patterned by electron-beam lithography (EBL) and metal
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evaporation. EBL resist residue (~1—2 nm) was removed from
the WSe, channel by atomic force microscopy (AFM) in
contact mode.*® A residue-free WSe, surface is essential for the
MERAM because the molecular arrangement of the monolayer
electrolyte will be disrupted by a few nanometers of polymer
residue. Note that the cleaning does not degrade the maximum
current and mobility of the WSe, FET (Figure SS, Supporting
Information).* An AFM image of the cleaned WSe, FET
channel is shown in Figure 1d, where the surface roughness is
reduced from 0.82 + 0.02 to 0.23 + 0.04 nm, as shown in
Figure SS.

A monolayer of CoCrPc is deposited on WSe, FETs by
drop-casting and annealing in a glovebox,"® where the CoCrPc
dosage and annealing temperature are optimized for WSe,
(Figure S2, Supporting Information). AFM scans taken inside
the glovebox of one WSe, FET before and after CoCrPc
deposition are shown in Figure 1d with corresponding line
scans at the same channel location before and after deposition.
The height difference corresponds to the thickness of the
monolayer electrolyte (~0.5 nm), which is in good agreement
with the previously reported value.'® In accordance with
previous scanning tunneling spectroscopy (STS) measure-
ments of CoCrPc on HOPG,'® conductive AFM confirms that
the CoCrPc layer is electrically insulating (Figure S6,
Supporting Information). Finally, a dry, flake-transfer method
was used to encapsulate the WSe,/monolayer electrolyte with
~9—10 nm of h-BN.*»*°

Transfer Characteristics and Programming Tests. The
On- and Off-states of the MERAM are monitored by
measuring voltage shifts in the transfer characteristics; the
magnitude of the shifts are the most significant in the
subthreshold region. Because MERAM has a switching
mechanism that is unique compared to FeFETs or NCFETs,
the terminology for describing switching of a ferroelectric
cannot be applied here. Thus, to track the On- and Off-states
of MERAM we calculate the minimum subthreshold swing
(SS) over at least two decades of current,’’ and track the
subthreshold voltage (V) which is defined as the smallest
voltage within the SS voltage window (location of V; indicated
in Figure 2). Details of the SS calculations and corresponding
V, values are both provided in the Supporting Information
(Part 6) with V highlighted as dots on the transfer curves.

To track shifts in V,, the drain current (I) is measured as a
function of back gate voltage (Vpg) before and after
programming, as shown in Figure 2a. Representative examples
of transfer curves corresponding to the unprogrammed
condition, and two programmed states of the monolayer
electrolyte without the h-BN capping layer are shown in Figure
2b. The first transfer scan is a double sweep to record the
original location of V in a device with the electrolyte as
deposited and never programmed (i.e., unprogrammed, black
curve, Figure 2b). A programming Vg of +30 V is applied to
push Li* away from the WSe, channel surface and switch the
device off, and a single I,-Vg sweep is initiated immediately
after programming to capture the p-type shift in V (red curve,
V, highlighted as red dot, Figure 2b). Last, a programming Vyg
of —30 V is applied to attract Li* to the channel surface, induce
electrons in WSe,, and switch the device on. The single Ip—
Vi sweep shows an n-type shift of the V, (blue curve, V,
highlighted as blue dot, Figure 2b).

To distinguish shifts in the transfer curves due to switching
the monolayer electrolyte from charge trapping/detrapping at
the WSe,/SiO, interface,’”® programming tests were
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Figure 2. MERAM transfer characteristics and programming tests. (a) Programming and sensing protocol: (i) initial double transfer sweep to
monitor V; and hysteresis in the unprogrammed condition (Vpg= 20 mV, 7.5 V/s), (ii) programming the device off with Vi = +30 V, (iii) single
sweep (7.5 V/s) to sense V; (Off), (iv) programming the device on with Vzg = =30 V, and (v) single sweep to sense V, (On). Note that V; is the
subthreshold voltage, which is distinct from the threshold voltage, Vy,, which is used for charge density calculations. (b) Transfer scans following
the programming and sensing protocol for WSe,/CE-Li* (without h-BN, Device 1). V,(Off) andV  (On) are indicated by the red and blue dots on
the curves, respectively. (c) Transfer curves for the same device before (black dash) and after (yellow lines and dash) programming with only the
monolayer electrolyte, and after (green lines and dash) programming with the monolayer electrolyte/h-BN stack. The leakage current (Ip***) with
h-BN is subtracted on the right y-axis; the unshifted data are shown in the inset. Three single sweeps were taken after each programming (7.5 V/s).
The magnitude of the threshold voltage shift is highlighted by shading the opening of the memory window. (d) The potential energy of Li* in the
monolayer electrolyte in the Off-state at 0 V is schematically illustrated for the structures without h-BN (i.e., exposed to vacuum) and with h-BN

(top and bottom, respectively).

conducted on the same WSe, FET before electrolyte
deposition (Figure S7a, Supporting Information). The
hysteresis in the double-sweep transfer characteristics of bare
FETSs are approximately equal before and after programming
(i.e., AV, equals ~6.0 V before and after programming, Table
S2 in Supporting Information), showing that the bare FET is
unaffected by programming.

With only the monolayer electrolyte deposited on the
channel (i.e., without h-BN), AV increases by a factor of 2.4 to
~14 V (Figure 2c, yellow lines, three repeats). A shift of V to
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more positive (negative) voltages corresponds to the On-(Off)
states of the electrolyte. The state switching results in a charge
density change (An,) of 1.8 X 10" cm™ (estimated from the
threshold voltage shift, AVy, extracted from linear plots, Table
S2), which is more than four times larger than the charge from
trapping/detrapping (An, = 4.3 X 10" cm™?) on the bare FET.
Detailed results of each programming test and the charge
density calculations are provided in Figures S7 and S8 and
Table S1 in Supporting Information. The consistency of the
shifts in the transfer curves after programming three times
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Figure 3. Program/erase and retention measurements. (a) I, in response to alternating program/erase voltage pulses on Device 1. Top: program

(Vag

—30V, green)/erase (Vg = +30 V, gray) voltage profile with voltage applied for 1 s and readout for 10 s at Vg = 0 V; Vg = S00 mV.

Bottom: corresponding readout current, I, without and with h-BN capping layer. (b) Program/erase endurance test. One thousand cycles of
program/erase with pulse width of 1 s and readout time of 10 s. (c) Retention test. Program/erase with 1 s pulse and I;, monitored for 6 h. The
Off-state current increased in the first S h then remains stable. Inset schematic shows the predicted relaxation of Li* (new location indicated by
dashed line) when the back gate is grounded, providing a possible explanation for the increase in the Off current with time.

indicates that (1) the doping effect can be maintained for at
least the time scale of transfer measurement (8 s for a single
sweep) and (2) the two states are stable and repeatable,
providing initial evidence of bistability for nonvolatile memory.

Although the increased transfer curve shift (i.e., larger AV,)
with the monolayer electrolyte alone is encouraging, the On/
Off ratio at a zero read voltage (i.e., Vzg = 0 V) is quite small
(<10%). The On/Off ratio at 0 V could be increased by having
a more stable Off-state with a more p-type shifted V| after
programing. As mentioned above in Figure 1lc, DFT
calculations indicate that a cap of h-BN will deepen the
energy well of the Off-state in the absence of an applied electric
field (Figure 2d and Supporting Information Part 3).
Therefore, the device is capped with h-BN (~9 nm, 19
layers), and the transfer curves after programming are shown in
Figure 2c (green lines, three repeats). The AV, after
programming is 2X larger (~27 V) with the addition of h-
BN. The corresponding carrier density change increases to 2.5
X 10" cm™2, which is 1.4 times larger than the change with
only the monolayer electrolyte (yellow lines) and 5.8 times
larger than induced by charge trapping/detrapping on bare
FET (black dashed lines). More importantly, after adding h-
BN, the FET is turned off at Vg = +9 V after the positive
programming, resulting in a lower Off-state current at Vyg =0
V. Note that h-BN introduced an additional leakage current of
~2.6 X 107 yA/um, referred to as Iy*%, which is subtracted
on the right y-axis of Figure 2c with the unshifted data shown
in the inset. The improved subthreshold swing with h-BN (4.5
to 1 V/dec for the Off-state and 4.8 to 3.6 V/dec for the On)
leads to a larger On/Off ratio of ~2.2 X 10* at Ve =0V
(Table S2). In addition, the results of the programming test
also suggest that the energy barrier for Li* to pass through the
crown ether under the electric field was reduced after adding h-
BN. The evidence comes from the observation that the h-BN
capped device is switched during the transfer scans (Part 7 in
Supporting Information). Note that the energy barrier under
an applied electric field”® will be different compared to the
energy barrier in the absence of the electric field shown in
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Figure 2d. Furthermore, bistability from the monolayer
electrolyte was also observed on back-gated MoS, FETSs
(Part 8 in Supporting Information), demonstrating that the
observations made here extend to other TMDs.

Program/Erase Pulse Tests. The switching dynamics and
stability of the MERAM are studied through a series of pulse
tests. First, the device is dynamically and repeatedly programed
and erased by pulsing Vi + 30 V with 1 s pulse width (Figure
3a). After each program/erase pulse, the device is read at Vg
0 V for 10 s. In Figure 3a, the readout I, of seven
consecutive program/erase cycles are shown for the MERAM
with and without h-BN. Without h-BN, although two distinct
values of I, are detectable after each program/erase cycle, the
On-state current is only ~1.1 times larger than the Off-state. In
contrast, when h-BN is added the On-state is nearly 10° times
larger than the Off-state, showing that the h-BN stabilizes the
Off-state.

MERAM endurance was evaluated by repeating the
program/erase pulse tests for 1000 cycles (Figure 3b). The
On/Off ratio is maintained >10* throughout the measure-
ments, indicating that the On/Off states are repeatable and
consistent, and the bistability persists for at least 1000 cycles.
An identical 1000 cycle endurance test was performed on the
MERAM without h-BN, which also shows the persistence of
two distinct resistance states but with a smaller On/Off ratio
(Figure S11 (a), Supporting Information).

To evaluate the retention of the two states after program/
erase, a 6 h retention test was conducted as shown in Figure
3c. The device was programed/erased for 1 s, followed by
grounding the back gate and monitoring I, for 6 h. The initial
On/Off ratio was ~10° which decreased to ~6 X 10? in the
first 270 min and stabilized for the remaining 90 min. Even
though the On/Off ratio decreased during the retention test,
the device remained at two distinct states with ratio >107
throughout. Similarly, for MERAM without h-BN, two states
were observed over 6 h but with a smaller On/Off ratio
(Figure S11b). The data shows retention on the time scale of
hours, meaning that the energy barrier to switching is
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Figure 4. Program/erase measurements as a function of pulse width and voltage. (a) (Device 1) I, of the On- and Off-states in response to
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program and erase voltages from +5 to +30 V (absolute values of I, plotted). For both (a,b), data at each point are averaged over 12 program/
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underestimated by DFT for the h-BN capped system in the
absence of an applied field (Supporting Information Part 3).
This difference is not unexpected considering the defects and
disorder in the experimental system.

The decrease in the On/Off ratio is mostly due to the
gradual increase of the Off-state current, which was also
observed previously on the monolayer electrolyte-coated
graphene FETs.”' Note that because the Off-state current is
lower in the WSe, MERAMSs (~107° to 107 pA/um) than in
the monolayer electrolyte-coated graphene FETs (~130 pA/
pm),”" the relaxation effect is magnified in the WSe,
MERAMs. One possible explanation for this drift is the
relaxation of Li" after removing the field;*" that is, the ion is
held more closely to the 2D surface when the field is applied,
but when the back gate is grounded, the ion will relax back to
thermodynamic equilibrium toward an energetically favorable
location that is further from the surface (inset, Figure 3c).
Another possibility is that the anion, ClO,, is also relaxing to
thermodynamic equilibrium during this time. The DFT
calculations do not include the counterions, nor do we have
an experimental means to measure their locations directly;
however, the most energetically favorable location for the
anions is expected to be near the cobalt on the phthalocyanine.
The key predications provided by the DFT calculations are
that (1) the h-BN cap stabilizes the Off-state by ~1.34 eV
compared to vacuum (Figure 1b) and (2) that the energy
barrier to switching can be decrease by an applied field,”
which will control the switching speed of the device.

Switching Speed and Voltage. In the measurements
described above, +30 V programming voltages and 1 s to §
min programming times were used; however, these values were
not optimized and therefore do not reflect any intrinsic
limitation. To investigate how the On/Off ratio varies with
voltage pulse width, we repeated the program/erase pulse test
using +20 V programming voltages and pulse widths ranging
from 10 s to 1 ms (the limit of our equipment). Figure 4a
shows the I, of the On- and Off-states as a function of pulse
width. The On- and Off-currents remain constant with ratio of
nearly 10° from a pulse width between 0.3 and 10 s. For pulse
widths <100 ms, the On/Off ratio decreases, and at 1 ms it is
reduced to 3.4 X 10% Although this is a smaller On/Off ratio
compared to the endurance tests with longer pulse width (1 s)
and larger pulse voltage (30 V), it still demonstrates
millisecond switching. Note that although not accessible with
the existing instrumentation, the switching speed of the
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monolayer electrolyte is predicted to be in nanosecond time
scale by DFT calculations.”

It is important to point out that the switching speed is
directly related to the magnitude of the ion diffusion barrier
(i.e, Li* passing through the crown ether) which depends on
the applied electric field strength.”” For our backgated
geometry, the electric field that reaches the electrolyte is
weaker than would be achieved in a top gated geometry due to
90 nm of back gate oxide and the field-screening caused by the
WSe, channel. Therefore, the switching speed of the memory
is expected to improve (perhaps to nanoseconds) by top-gating
future devices for which the h-BN will serve as the top gate
oxide.

To study the relationship between the On/Off ratio and
field required to switch the device, the On- and Off-states are
monitored while varying the Vg (1 s pulse width, Figure 4b).
Note that the results in Figure 4b are for Device 2. For this
device, program/erase at +5 V is insufficient to switch the
MERAM, presumably due to the loss of field strength because
of screening by WSe, in the backgated device geometry.
Starting from +7 V, the two states become distinguishable, and
the On/Off ratio continues to enlarge with the increase of
program/erase voltage up to +13 V. The increase of On/Off
ratio mostly comes from the decrease of Off-state current. In
fact, further increasing the program voltage from 7 to 30 V
leads to a relatively small increase of On-state I, from 0.43 to
0.80 yA/um. In contrast, increasing the erase voltage from 7 to
30 V causes the Off-state I, to decrease from 0.23 to 2.3 X
1078 pA/um, a change of 5 orders of magnitude. We also
noticed that once the magnitude of the erase voltage exceeds
13V, the Off-state current stays almost constant. These results
are interesting because they confirm the existence of an energy
barrier, that is, the minimum energy required to push Li*
through the diffusion barrier and fully switch the MERAM
from one state to the other. Note that in this study, the
minimum voltage varies among devices (~20 V for Device 1
and 13 V for Device 2) possibly due to the differences in field
screening resulting from varying WSe, channel thicknesses
(Figure S12, Supporting Information). Similar to increasing
the switching speed, we expect a top-gated device to also
reduce the required switching voltage.

In conclusion, we have demonstrated a new, 1T NVM
concept based on EDL gating of a WSe,/monolayer electro-
lyte/h-BN stack. As predicted by DFT calculations, capping
the device with h-BN provides a critical improvement of
stabilizing the Off-state of the MERAM. The capping layer also
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provides a 2D top dielectric, which would be needed for large-
scale integration. The MERAM retains a stable On/Off ratio
>10* at a read voltage of Vg = 0 V for at least 1000 cycles of
programing/erase and state retention for at least 6 h with On/
Off remaining ~10”. Although a millisecond switching speed
has been demonstrated in this study, there is no reason to
expect the switching speed to be limited to this timescale.
Specifically, a top-gated device architecture providing a
stronger electric field is expected to decrease the switching
time, and subvolt operation in this configuration is predicted
by DFT calculations.”” One potential advantage of the
monolayer electrolyte is the wide chemical tunability, which
can be used to adjust the energy barrier to switching. Thus, the
monolayer electrolyte offers the potential to adjust the
switching and retention time and perhaps introduce multiple
states (i.e, multiple switching barriers by varying the crown
ring size).”" Last, the application of this material is not limited
to 1T NVM. Because the material is solution processable, the
door is open to opportunities in printed and flexible
electronics.

B EXPERIMENTAL SECTION

WSe, FET Fabrication and Polymer Residue Cleaning.
Few-layer WSe, was mechanically exfoliated from bulk crystals
(2D Semiconductors) and transferred to p-doped silicon
substrate with 90 nm SiO, (Graphene Supermarket, resistivity
0.001-0.005 ohm-cm) by the scotch tape method. The
substrate was precleaned by acetone, isopropanol (IPA), and
deionized (DI) water and followed by nitrogen gas drying.
WSe, flakes with uniform thickness (3—S nm) were selected by
optical microscopy and AFM (Bruker Dimension Icon,
ScanAsyst mode with Si;N, ScanAsyst-air tips (0.4 N m™")).
E-beam resist, PMMA-950-A4 (MicroChem) was spin-coated
at 4000 rpm for 1 min and baked on a hot plate at 180 °C for 3
min. Source/drain electrodes were patterned by e-beam
lithography (Raith e-LINE), and the samples were developed
in a methyl isobutyl ketone (MIBK)/IPA solution (MIBK/IPA
1:3 in volume ratio) for 1 min and then rinsed by IPA for
another 1 min. The metal (Pd 20 nm + Au 80 nm) was
deposited by e-beam evaporation (Plassys Electron Beam
Evaporator MEBSS0S) at a base pressure <1 X 107 Torr.
After lift-off, WSe, FETs were annealed at 127 °C (400 K) in
vacuum (pressure ~2 X 107 Torr) for 4 h in a cryogenic
vacuum probe station (Lakeshore, CRX-VF) which has a load-
lock to transfer samples directly to an Ar-filled glovebox
(MBRAUN, MB-200B) after annealing without ambient
exposure.

To remove e-beam resist residue on the WSe, FET channels,
AFM contact-mode cleaning was performed in a glovebox.*®
The polymer residue was pushed away from the FET channel
by the AFM tip (SCM-PIT-v2, 3 N m™") during the scanning
using AFM contact mode. Surface topology measurements by
AFM were conducted before and after AFM cleaning to
confirm the removal of the residue. Electrical measurements
were conducted in the probe station by a Keysight BIS00A and
a Keithley 4200A-SCS semiconductor parameter analyzer. All
the above processes were conducted either in a Ar-filled
glovebox or in a vacuum probe station, and the samples were
transferred between the glovebox and probe station in a Ar-
filled stainless-steel suitcase compatible with the load-lock on
the probe station.

Monolayer Electrolyte Deposition. The monolayer
electrolyte was prepared in a similar manner to our previously

published results."**' The CoCrPc solution was prepared by
dissolving 13 mg of CoCrPc in 10 mL of anhydrous benzene
(Sigma-Aldrich, 99.8%) and anhydrous ethanol (Sigma-
Aldrich, 99.5%) solution in a volume ratio of benzene to
ethanol of 9:1. The solution was diluted to 13 mg/L of
CoCrPc by adding the same anhydrous 9:1 v/v benzene/
ethanol solution. After mixing by 10 min of sonication
(Branson 2800 sonicator), S0 uL of CoCrPc solution was
drop cast onto the WSe, FETs (substrate surface 1 X 1 cm)
using a micropipette and then the FETs were annealed on a
hot plate at 240 °C for 30 min. AFM measurements on
monolayer electrolyte-coated WSe, were performed to confirm
the monolayer deposition of CoCrPc. To add Li" in the CE, 40
uL of 1 mg/L LiClO, in ethanol (Sigma-Aldrich, 99.5%
anhydrous ethanol) was drop cast onto the CoCrPc-coated
WSe, FETs, and then the samples were annealed at 180 °C for
30 min. All the above processes were performed in the Ar-filled
glovebox, and the samples were then transferred to the probe
station by the load-lock for electrical measurements.

h-BN Capping Layer. A dry transfer method was used to
transfer h-BN flakes onto the monolayer electrolyte-coated
WSe, FETs.”" The transfer processes were conducted entirely
inside a nitrogen-filled glovebox. The exfoliated h-BN flakes
with thickness ~10 nm were picked up by a polycarbonate/
polydimethylsiloxane (PC/PDMS) stamp. Then the h-BN
flake on the transparent PC/PDMS stamp was aligned on top
of the monolayer electrolyte-coated WSe, channel using
optical microscope. After the alignment, the PC/PDMS
stamp was gently pressed on the WSe, sample substrate by
the controlled thermal expansion of PDMS to place the h-BN
flake on top of WSe, channel. After the placement, the h-BN
and PC film was released together from the stamp by heating
the stamp to 180 °C. The sample was cooled to room
temperature. Because the PC film will interfere with probing
the source/drain contacts of the FETs in the probe station, a
few droplets of dichloromethane (80 uL) were drop cast on
the sample substrate to dissolve PC, and the dissolved material
was removed by a glass pipet. The WSe, FETs with the
monolayer electrolyte and h-BN capping layer were transferred
to the probe station by the load-lock for electrical measure-
ments.
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Impact of Post-Lithography Polymer Residue on the
Electrical Characteristics of MoS, and WSe, Field Effect

Transistors

Jierui Liang, Ke Xu,* Blaec Toncini, Brian Bersch, Bhakti Jariwala, Yu-Chuan Lin,

Joshua Robinson, and Susan K. Fullerton-Shirey*

The residue of common photo- and electron-beam resists, such as
poly(methyl methacrylate) (PMMA), is often present on the surface of 2D
crystals after device fabrication. The residue degrades device properties

by decreasing carrier mobility and creating unwanted doping. Here, MoS,
and WSe, field effect transistors (FETs) with residue are cleaned by contact
mode atomic force microscopy (AFM) and the impact of the residue on: 1)
the intrinsic electrical properties, and 2) the effectiveness of electric double
layer (EDL) gating are measured. After cleaning, AFM measurements confirm
that the surface roughness decreases to its intrinsic state (i.e., =0.23 nm for
exfoliated MoS, and WSe,) and Raman spectroscopy shows that the charac-
teristic peak intensities (Ey, and A;;) increase. PMMA residue causes p-type
doping corresponding to a charge density of =7 X 10" cm~2 on back-gated
MoS, and WSe, FETs. For FETs gated with polyethylene oxide (PEO);4:CsClOy,
removing the residue increases the charge density by 4.5 X 102 cm™2, and the
maximum drain current by 247% (statistically significant, p < 0.05). Removing
the residue likely allows the ions to be positioned closer to the channel
surface, which is essential for achieving the best possible electrostatic gate

fabricated using e-beam and optical lithog-
raphy, e-beam resist such as poly(methyl
methacrylate) (PMMA)237] and photo-
resists such as MicroChem LOR, PMGI,
and Megaposit SPR 3000 series are
widely used.®1% In addition, polymers
such as PMMA, poly(bisphenol A car-
bonate) (PC), polystyrene (PS), and
poly(dimethylsiloxane) (PDMS) are used
as stamps to transfer flakes for stacking
van der Waal heterostructures,'*!4 and
as substrates for transferring 2D mate-
rials grown by chemical vapor deposi-
tion (CVD).'*7] Device fabrication and
2D layer transfer that requires applying
polymer and removing it leaves residue on
the surface—typically a few nanometers
thick—which can be detected by atomic
force microscopy (AFM).[18:19]

The residue can interfere with surface
characterization, material deposition, and

control in ion-gated devices.

1. Introduction

2D crystals such as graphene,[!! MoS,,[! WSe,,l and others,[*-6]
are Dbeing explored for next generation power-efficient
electronics because of their excellent electrical, thermal, and
mechanical properties. When devices based on 2D crystals are
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access by adsorbates, as well as degrade

the physical, electrical, and optical

properties of the 2D crystals. Specifi-
cally, the residue can prevent achieving atomic resolution
of the 2D crystal lattice using transmission electron micro-
scopy (TEM)2%2l and scanning tunnel microscopy (STM).[!8l
For material deposition, the molecular arrangement of the
deposited material could be interrupted by nanometers of
polymer residue—especially when a molecularly thin layer
is required, such as a seed layer for dielectric deposition on
2D materials.??l For devices that rely on surface sensitivity,
the residue can screen interactions between the 2D surface
and target molecules (e.g., sensors for detecting DNA,[?*l or
detecting NO,/NHj gasl?*)). The physical properties of the 2D
crystal can be strongly affected by surface residue because
of the large surface-to-volume ratio of the 2D crystal. For
example, PMMA residue decreases mobility by more than
50% in graphene due to carrier scattering,'*?>2% and causes
phonon scattering that decreases the thermal conductivity
of suspended graphene by 70% compared to calculated
values.?”) PMMA residue is also a p-dopant that can shift the
threshold voltage (=43 to +19 V for back-gated graphene FETs
with 285 nm Si0,),?¢?7] this may cause device-to-device vari-
ations in the electrical characteristics if the residue is not a
uniform layer.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In addition to altering the intrinsic properties of 2D crystals
and interfering with surface characterization, polymer res-
idue is also likely to decrease the effectiveness of electric
double layer (EDL) gating. EDL gating is a commonly used
technique for exploring transport in 2D materials, especially
when back gating is not an option due to the use of an insu-
lating substrate like sapphire, or when high-k dielectrics
cannot be deposited for top gating.’?!] Mobile ions within the
electrolyte respond to the applied electric field and migrate to
the electrolyte/channel or electrolyte/gate interface where they
induce image charges. The EDLs induce high gate capaci-
tance densities (1-10 uF cm™), corresponding to sheet carrier
densities exceeding 10'3 cm™2.1282%1 EDL gating relies on ions
migrating to within a few nanometers of the 2D crystal surface,
which would not be effectively achieved if a few nanometers
of polymer residue exists between the electrolyte and the
channel—particularly if the polymer residue does not conduct
ions. A residue-free 2D surface is especially important when
EDL gating is achieved using an ultrathin layer of electrolyte,
such as the monolayer electrolyte (thickness =1 nm) developed
by our group.?®31 If polymer residue is present, it will interfere
with the molecular arrangement of the molecules required to
form the EDL. Overall, it is reasonable to expect that a residue-
free surface is important for accessing the highest gate capaci-
tance density possible, yielding the best gate control. Thus, in
this work, the electrical device characteristics of EDL-gated field
effect transistors (FETS) are measured for 2D channels with and
without polymer residue.

Because polymer residue can alter material properties and
negatively affect device fabrication and performance, sev-
eral methods to clean the residue—especially PMMA—have
been reported. Thermal annealing in Ar/H,, forming gas, or
vacuum is the most commonly used method to decompose
and desorb PMMA residue.”>3233 But TEM images show that
the annealing often does not remove the residue completely.?’]
High temperatures (>300 °C for graphene, 200 °C for MoS,)
in H,:Ar gas are required to break PMMA bonds and remove
the carboxyl functional group,??3* but the high temperatures
could also cause defects and structural damage, or trigger
chemical reactions with other adsorbed species, causing per-
manent p-type doping of the device.??l For example, the impact
of charged impurities located between graphene and SiO, can
become intensified after annealing at T > 300 °C due to the
enhanced coupling between graphene and SiO,, which leads to
both heavy hole doping and decreased mobility.*>3¢l Improved
PMMA removal by annealing in oxidative atmospheres like O,
and CO, has been reported on graphene,?>3! but extending the
technique to transition metal dichalcogenides (TMDs) is likely
difficult because annealing in Ar/O, mixture at 300-340 °C
results in anisotropic etching of MoS,,*® and exposure in
ambient leads to oxidation of WSe,.["!

While solvent cleaning can remove bulk PMMA, the res-
idue tends to remain,*! which is why a consecutive thermal
annealing is still required.’® Currentinduced cleaning has
been demonstrated on graphene with large source/drain
voltage (=4.6 V) to induce joule heating to remove residue;
however, a low temperature environment (=4 K) is required
to remove the heat! Laser cleaning of PMMA residue
on graphene has been demonstrated, but not extended to
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TMDs.%l Plasma cleaning can also be challenging. For
example, O, plasma is found to oxidize edges/defects on gra-
phene and the top layer of WSe,,[*>*! and is used in etching
and p-type doping of TMDs.***4 H, plasma can lift graphene
off Si0,,®! and Cl, plasma can cause a heavy p-doping to
graphene.*l UV/ozone also p-dopes TMDs like MoS, and
WSe, "l and cause etching easily as shown in Figure S1 in the
Supporting Information.

In contrast to the chemical and thermal approaches
described above, a mechanical approach is to use an AFM tip
to “sweep” the polymer residue off the surface in contact mode.
This AFM cleaning method induces no chemical reactions,
has no restriction on the type of 2D crystal, and can retain the
original 2D crystal thickness and surface roughness.*$-51 1t
has been applied to both exfoliated and CVD-grown graphene
on various substrates, and the carrier mobility of graphene
after the cleaning was reported to increase by 20% compared
to before cleaning.>!! The mobility can be further increased by
combining AFM cleaning with annealing.l%%

While several studies have used the AFM contact-mode-
cleaning technique on graphene and reported transfer charac-
teristics and Hall resistance measurements,*-1 to our knowl-
edge there are no similar reports on TMDs. More specifically,
there is no report on the impact of polymer reside on the
electrical performance of EDL-gated TMDs. Given the par-
ticular challenge of cleaning TMDs by oxidative annealing or
plasma, AFM cleaning provides a useful alternative; however,
the experimental conditions (e.g., contact force) must be opti-
mized; otherwise, polymer residue may not be completely
removed.*] While this approach is not scalable in its cur-
rent form, one advantage of AFM cleaning from a scientific
standpoint is the ability to isolate contributions from polymer
residue in well-defined locations on the device (e.g., channel
vs contacts). That is, the contributions from surface residue
at specific spatial locations can be decoupled from other vari-
ables that could be introduced by using a chemical cleaning
approach, for example.

In this study, we demonstrate that contact-mode AFM
cleaning can effectively remove polymer residue from both
e-beam and photolithography (=1 nm thick) on MoS, and
WSe,, with AFM and Raman spectroscopy measurements con-
firming the effectiveness of the cleaning. Transfer characteristic
before and after AFM cleaning on back-gated MoS, and WSe,
FETs clearly indicate that PMMA residue causes p-doping cor-
responding to a charge density of =7 x 10" cm™. In addition,
AFM cleaning of EDL-gated WSe, FETS causes a charge density
increase of 4.5 x 102 cm™, and increases the maximum drain
current by a statistically significant amount: 247% (paired t-test,
p=9.0x 107 < 0.05).

2. Result and Discussion

2.1. AFM Cleaning and Characterization

Polymer residue was removed by scanning the desired region of
the 2D crystal using AFM contact mode (Figure 1). A relatively
stiff AFM tip (SCM-PIT-v2, measured force constant 2.37 N m™})
is used to sustain the mechanical force that pushes the polymer
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Figure 1. a) Schematic of AFM contact mode cleaning and b) a representative AFM image of a partially cleaned, CVD-grown WSe, with post-lithography
polymer residue. The cleaning was performed by AFM contact mode with 1.33 V deflection setpoint. ScanAsyst mode (peakforce tapping) was used

to image the surface after cleaning.

residue out of the scan region, as shown in the partially cleaned
WSe, surface in Figure 1b. Multiple deflection setpoints for
contact mode are tested and 1.33 V is found to be the optimal
value to achieve a clean surface (Figure S2, Supporting Infor-
mation). The normal force (F) applied from the tip to the
surface is estimated as 104 nN by F = kd(s—s,), where k is the
force constant of a SCM-PIT-v2 tip (measured as 2.37 N m™}),
d is deflection sensitivity (measured as 33.0 nm V7!), s is the
deflection setpoint (1.33 V), and s, is the deflection point when
the tip is not touching any surface (measured as 0.0 V).

To demonstrate the use of AFM cleaning on FETs fabri-
cated with both e-beam and photolithography on various 2D
crystal channels, three different types of FETs including exfoli-
ated MoS, and WSe, FETs (fabricated by e-beam lithography),
and CVD-grown WSe, FETs (fabricated by photolithography)
were cleaned with AFM contact mode. The scan region was
set to be larger than the length of the FET channel to push the
residue off the channel. Topography was characterized before
and after cleaning. Figure 2 shows optical and AFM images of
one out of six devices before AFM cleaning and after for each
type of FET.

The polymer residue is significant on all the as-fabricated
devices. As an example, the residue features on the as-fabri-
cated exfoliated MoS, FETs shown in Figure 2c are 2-3 nm,
confirmed by the line scan shown below the figure. Figure 2d
shows that the PMMA residue was removed by AFM contact-
mode cleaning. To evaluate the quality of AFM cleaning, the
root mean square roughness (R) is calculated over the area
indicated by the blue boxes in Figure 2 and summarized
in Table S1 in the Supporting Information. The R, is the
standard deviation of the height profile from the mean plane
(the averaged channel surface height from the substrate).
For MoS;, Ry decreased from 1.56 * 0.13 nm as fabricated
to 0.24 + 0.05 nm after the cleaning (for reference, R, of the
freshly cleaved MoS, is 0.23 £ 0.03 nm). The AFM-cleaned
and freshly cleaved surfaces have no statistically significant
difference in R, (independent t-test, p = 0.78 > 0.05). Similar
results were observed for AFM cleaning on exfoliated WSe,
and CVD-grown WSe,, where R, decreased with AFM
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cleaning from 0.79 + 0.05 nm to 0.25 £ 0.02 nm (exfoliated),
and from 0.64 = 0.03 nm to 0.34 £ 0.02 nm (CVD-grown). An
AFM image of a partially cleaned CVD-grown WSe, FET is
also shown in Figure S3 in the Supporting Information, and
the line scan indicates that the polymer residue thickness
removed by AFM is =1.2 nm. Figure 2 shows that AFM con-
tact-mode cleaning is effective in removing polymer residue
both from e-beam and photolithography, and can restore both
exfoliated and CVD-grown 2D crystals to their original surface
topology.

To further confirm the surface type after the cleaning
(i-e., peaks/valleys on surface, rounded/sharp peaks), the skew-
ness (Rg) and kurtosis (Ry,) of the surfaces are calculated and
tabulated in Table S2 in the Supporting Information. After
AFM cleaning, the skewness decreased from 1.12 + 0.20 to
0.04 £+ 0.01 for exfoliated MoS,, 1.58 £ 0.35 to 0.09 + 0.02 for
exfoliated WSe,, and 0.25 + 0.05 to 0.09 £ 0.02 for CVD WSe,.
Thus, the topology becomes flatter with a more symmetrical
height distribution at the mean plane after the cleaning. The
kurtosis value also decreases after cleaning from 3.40 + 0.08
to 2.92 £ 0.07 for exfoliated MoS,, 6.57 + 1.40 to 2.80 % 0.04 for
exfoliated WSe,, and 3.38 + 0.06 to 3.21 £ 0.03 for CVD WSe,,
indicating that sharp peaks become more rounded after the
cleaning.

We also mapped the moduli of the MoS, channels using
Bruker’s quantitative nanomechanical mapping (QNM) on
regions that were both covered in PMMA residue and cleaned by
contact mode AFM. Young’s modulus (Derjaguin-Muller-Toporov
(DMT) modulus),P? adhesion, and deformation are provided in
Figure S4 in the Supporting Information. Note that we cannot
provide a quantitative analysis of Young’s modulus because the
thickness of the residue (1-2 nm) is less than the required inden-
tation depth for the measurement (=3 nm). Nonetheless, we can
qualitatively state that when the PMMA residue is removed, the
deformation decreases, and modulus increases, which is expected
because the polymer residue is softer than the MoS, and SiO,
substrate. Adhesion also increases after removing the PMMA,
indicating that the PMMA residue screens the attractive interac-
tions between the AFM tip and the MoS,.
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Figure 2. Device schematics, optical images, and AFM scans of three representative FETs as fabricated and after cleaning. Device cross-sectional
schematics of a) exfoliated MoS, FET, e) exfoliated WSe, FET, i) CVD-grown WSe, FETs. Optical images of b) MoS,, f) WSe,, and j) CVD-grown
WSe, FETs. AFM images of c) MoS,, g) WSe,, and k) CVD-grown WSe, FETs as fabricated with post-lithography residue, and d) MoS,, h) WSe,, and
[) CVD-grown WSe, FETs after the AFM cleaning. The blue boxes on AFM images indicate the location over which the roughness (R;) was calculated.
The blue lines on AFM images are the positions of line scans, and the corresponding scans are provided below the AFM images.

2.2. Raman Spectroscopy

In addition to AFM topography analysis, Raman spectroscopy
is used to evaluate the quality of the cleaning. Raman spectra
of freshly exfoliated MoS, or WSe, are compared to surfaces
exposed to polymer residue (in this case, PMMA) and then
cleaned by AFM. Raman measurements were conducted on six
flakes each of exfoliated MoS, and WSe,, and also conducted
before and after cleaning on the same flake to eliminate
flake-to-flake variance. Figure 3a and 3b shows the spectra taken
on flakes that are freshly exfoliated (black), with PMMA residue
(blue), and after AFM cleaning (red) for MoS, and WSe,, respec-
tively. The E,, and A;, peaks originating from the stretching
and scissoring of Mo—S or W—Se bond vibrations are assigned
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accordingly for MoS, and WSe,.’3>>4 For both materials, the
intensities of the E,; and A, peaks increase after AFM cleaning
(Table S3, Supporting Information; paired #-test, p < 0.05 for Ey,
and A;y). In Figure 3a,b, the peak intensities after the cleaning
become more similar to the intensities of freshly exfoliated
flakes. The peak intensity increases after AFM cleaning for two
reasons. One reason is that PMMA residue screens the Raman
signal. A second reason deals with molecular interactions
between PMMA and the underlying crystal itself. For example,
if PMMA interacts strongly with the S atoms in MoS,, it will
dampen the Mo-S vibrations. Similar arguments have been
made for polymer residue on graphene.?14%

Although the trend of increasing peak intensities with
PMMA removal is constant across flakes and measurement
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Figure 3. Raman spectra of a) MoS, and b) WSe; taken in the same region before and after AFM cleaning for each flake: as exfoliated (black line), with

PMMA residue (blue line), and after the AFM cleaning (red line).

locations, the peaks associated with the cleaned surfaces are
not always equivalent to the freshly exfoliated surfaces. This
could be due to slight variations in the location of the laser
spot, or instrumental factors such as laser power stability.
Because the surface roughness of the cleaned sample is recov-
ered to the freshly exfoliated state, this difference in peak
intensity is unlikely due to a thin layer of PMMA remaining
on the surface.

To make sure the change in Raman peak intensity is not
caused by the variation between measurements (e.g., inten-
sity differences caused by Raman system realignment), we
conducted consecutive Raman measurements on a partially
cleaned sample without realigning the system (Figure S5,
Supporting Information). Consistent with all the Raman data
collected, the intensities of E,, and A, peaks of MoS, are larger
for the cleaned region because PMMA has been removed.

2.3. Electrical Measurements on Back-Gated WSe, and
MoS, FETs

While the combination of AFM and Raman measurements
confirm the removal of polymer residue on exfoliated MoS,,
exfoliated WSe,, it gives no information on the extent to which
the residue and the cleaning process may affect the electrical
device performance. Specifically, it is necessary to understand
whether the AFM cleaning process affects the intrinsic electrical
properties of the 2D crystal (e.g., if the mechanical AFM force
during the AFM scanning is too strong, mechanical damage
such as small pinholes may be introduced which will degrade
channel conductivity). If the cleaning process is nondestruc-
tive, then it is important to quantify the improvement after
removing PMMA residue on the electrical characteristics such
as threshold voltage and electron mobility. It is also instructive
to compare the effect of AFM contact mode cleaning to vacuum
annealing—one of the most commonly used methods to
remove surface residue.?>3233]

Therefore, two back-gated WSe, FETs were first fabri-
cated from exfoliated flakes, and then annealed in vacuum
(400 K, 2 x 107 Torr, 4 h), and lastly cleaned by AFM contact
mode, with topology and transfer characteristics measured
after each step. The results of one WSe, FET are shown in
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Figure 4. For this device, the maximum drain current (Ip)
at Vpe = +30 V increases by 27% from 0.26 to 0.33 pA after
vacuum anneal, and further increases by 48% to 0.49 LA after
AFM cleaning. The AFM images (insets of Figure 4) indicate
that PMMA residue was not fully removed by vacuum anneal
at 400 K but was successfully removed after AFM cleaning. The
surface roughness (R,) decreases slightly from 1.22 + 0.03 nm
to 1.11 £ 0.03 nm after vacuum anneal, but decreases signifi-
cantly to 0.33 + 0.04 nm after AFM cleaning. Based on the
AFM images and the electrical data, the improvement in
the maximum current after vacuum anneal is more likely
the result of improved contact between the metal and the
semiconductor,® rather than the removal of PMMA residue
from channel. In contrast, the improvement in the electrical
characteristics after AFM cleaning can be directly attributed
to the removal of PMMA. These results show that AFM con-
tact mode cleaning is more effective than vacuum annealing in
removing PMMA residue.

0.5
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Rg4.11nm
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<
2 0.2
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al E»' B0 o5 L
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Figure 4. Transfer characteristics and AFM images of a back-gated WSe,
FET at three states: as fabricated (black line), after vacuum anneal (blue
line), after AFM cleaning (red line). The blue boxes and lines on AFM
images are the positions of roughness measurements and line scans,
respectively.
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Figure 5. Transfer characteristics of back-gated a) WSe, and b) MoS, FETs as fabricated (dotted line) and after the AFM cleaning (solid line). A1-A6
(B1-B6) correspond to six different WSe, (MoS,) devices, respectively. Vps is set to 20 mV for WSe, and 100 mV for MoS,.

Six additional back-gated WSe, FETs (flake thickness =3-9 nm)
and six MoS, FETs (flake thickness =8-17 nm) were meas-
ured before and after the AFM cleaning to quantify the effect
of PMMA residue on the electrical properties. The results are
shown in Figure 5a and 5b, respectively. For reference, the optical
and AFM images of one of the MoS, and WSe, devices before
and after cleaning have been shown previously in the top and
middle rows of Figure 2. The transfer measurements were con-
ducted from Vpg =—-30 to +30 V for as-fabricated device (dotted
line) and after AFM cleaning (solid line). The average threshold
voltage shift AVy, and estimated field-effect mobility (u) are sum-
marized in Table 1 for WSe, and MoS,; values for individual
devices are tabulated in Tables S4 and S5 in the Supporting
Information. The threshold voltage (Vy) moves toward nega-
tive Vg after cleaning (AVy, < 0 V, paired t-test, p = 3.7 x 107
for WSe, and 4 x 10~* for MoS,, both < 0.05). The average AVy,
is =3 V for WSe, FETs, and —2.7 V for MoS, FETs. A negative
(n-type) threshold voltage shift can be attributed to the removal
of PMMA residue, which has been reported to cause p-type
doping in 2D materials.””] The charges induced by PMMA
doping (AQ) can be estimated as AQ =C,, AVy,, where C,; is the
capacitance of the back-gate dielectric SiO, (38.37 x 10 F cm™
for 90 nm of SiO,). The corresponding sheet charge carrier den-
sity (ng) is calculated by ng = AQJe, which is =7.2 x 10" cm™
for WSe, back-gated FETs and 6.5 X 10! cm™ for MoS,. The
maximum drain current for MoS, at Vg = +30 V slightly
increases by 5% on average after the cleaning, while WSe, FETs
exhibits a much larger increase of 136% on average. The trend
of increasing drain current is statistically significant for both
WSe, (paired ttest, p =5 X 10™* < 0.05) and MoS, (paired t-test,
p = 0.03 < 0.05), but the magnitude of the increase is weaker
for MoS,. One possible reason for larger increase of maximum
current in WSe, FETs is that the average thickness of WSe,
channels (=5 nm) is thinner than MoS, channels (=12 nm), and
therefore, more sensitive to the presence and removal of PMMA
residue.

The field-effect mobility u is extracted from the transfer char-
acteristic by u = (1/C,,)00/dVpg, where C,, is oxide capacitance
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of 90 nm SiO, and o is the channel conductivity that is defined
as 0= (L/W)Ip/Vps. L and W are the channel length and width,
respectively. The field-effect electron mobilities of as-fabricated
WSe, FETs range from 17 to 61 cm? V! s7! as summarized
in Table S4 in the Supporting Information. After cleaning,
the mobilities of all WSe, FETs increase by =13.1%, with an
average increase of 4.2 + 2.1 cm? V7! 57!, which is statisti-
cally significant (paired t-test, p = 3.2 X 107 < 0.05). Increased
mobility after cleaning has also been observed on graphene,*
and is attributed to removing polymer fragments and charged
species together with adsorbed water and oxygen which cause
the carrier scattering.*’l For MoS,, the original electron mobili-
ties range from =76 to 125 cm? V™! 57! for the six devices, and
five out of six show mobility increases but there is no statistical
significance difference (paired t-test, p = 0.25 > 0.05). While the
trend of increased mobility is the same for both 2D crystals, the
effect is much weaker in MoS, than WSe,. It is worth noting
that neither the mobility or the threshold voltage shift depends
on the channel thickness within the range investigated in this
study (3-9 nm for WSe,, 8-17 nm for MoS,). Regardless, the
combination of AFM, Raman, and electrical measurements
prove that the cleaning technique is nondestructive, and the
increase in the maximum current and the decrease in p-type
doping show that removing the residue enhances device
performance for back-gated FETs.

2.4. Effect of Polymer Residue on EDL-Gated CVD-Grown
WSe, FETs

In the previous section, we identified the p-type doping effect
caused by the PMMA polymer residue. In addition to doping,
when using an ion-gate, it is expected that polymer residue
will interfere with EDL formation and therefore weaken the
ability to modulate the channel conductivity. lon gating is
commonly used for 2D crystals grown by CVD on insulating
substrates such as sapphire because they cannot be backgated.
In addition, the more uniform CVD-grown epitaxial WSe,
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Table 1. Summary of electrical measurements and statistical analysis of six back-gated WSe, and six MoS, FETs as fabricated and after AFM cleaning
(without electrolyte). Error represents one standard deviation from the mean.

FETs Channel Threshold AVy, [V] Charge density Electron mobility u Apfem? Vs Ipincrease [%)
thickness [nm] voltage Vi, [V] increase ny [cm™ [em? VT s at Vg =+30V
As fabricated  After cleaning As fabricated  After cleaning
WSe, 54+1.7 +23.2+1.3 +20.2+1.2 -3.0%15 7.2x 10" 325+14.8 36.7+16.5 +4.2+2.1 136% + 88%
MosS, 11.8+3.1 -3.4%55 -6.1+48 2708 6.5% 10" 98.5+17.9 100.6 +22.5 +2.1%6.5 5% +3%

Statistical Analysis

Paired t-test WSe, after cleaning:
Vi, shifts toward negative Vg (p=3.7 x 107 < 0.05)
Mobility increases (p = 3.2 x 107 < 0.05)

Ip increases (p =5 x 1074 < 0.05)

MoS, after cleaning:
Vy, shifts toward positive Vg (p =4 x 107 < 0.05)
Mobility no statistical difference (p = 0.25 > 0.05)
Ip increases (p=0.03 < 0.05)

were used instead of exfoliated WSe, flakes to minimize the
device-to-device variation in thickness and channel dimensions
compared to the exfoliated samples.’l Therefore, FETs were
fabricated on CVD-grown WSe, on sapphire and gated using
PEO:CsClO,.

Schematics of the EDL-gated WSe, FET cleaning treatments
are shown in Figure 6a. Transfer characteristics of all FETs
were measured with the electrolyte using a side gate 63 um
away (Figure 2j). The transfer characteristics of the uncleaned
samples are shown as dotted lines in Figure 6 (i.e., first scan)
and tabulated in Tables S6 and S7 in the Supporting Infor-
mation. Note that the data are shown on a linear scale in
Figure 6b,c and on a log scale in Figure 6d,e. The FETs share
a similar threshold voltage, Vi, =2.5 V, and maximum currents
ranging from 0.9 to 6.2 pA at Vg =4 V.
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SG
15t transfer scan ﬁ
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Sapphire
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To determine the impact of polymer residue, the electro-
lyte was removed by acetonitrile to expose the WSe, channel
(Figure 6a), and then cleaned with contact-mode AFM. After
cleaning, the electrolyte was redeposited, and transfer char-
acteristics were measured for a second time shown as solid
lines in Figure 6b,d (i.e., second scan). To isolate any contribu-
tion caused by the removal and redeposition of the electrolyte,
we conducted control experiments where the electrolyte was
simply removed with acetonitrile and redeposited without
AFM cleaning. That is, the samples experienced identical
electrolyte treatment, but without removing the polymer
residue. The remeasured transfer curves of the control FETs
without removing polymer residue are shown as solid lines
in Figure 6¢,e. After removing polymer residue (solid lines in
Figure 6b,d), all five FETs exhibit a negative threshold voltage

With AFM cleaning

Control experiments
(no AFM cleaning)

1stscan
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2 scan 2" scan
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Figure 6. Transfer characteristics of top-gated CVD WSe, FETs with PEO:CsClO, electrolyte. a) Schematics of control experiments with the sequence
of transfer characteristics, removal and redeposition of electrolyte, and AFM cleaning. Transfer curves of CVD-grown WSe, as fabricated with electrolyte
(dotted line) and after cleaning polymer residue (solid line) are shown in b) linear scale and in d) log scale. The control FETs after redepositing
electrolyte without AFM cleaning (solid line) are shown in c) linear scale and in e) log scale. L1-L5 (M1-M5) correspond to six different devices with
(without) AFM cleaning, respectively.
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shift (AVy, = 0.7 £ 0.2 V), corresponding to a charge density
change (AQ) of about 4.5 x 102 cm™. The charge carrier den-
sity change is calculated using the same method as discussed in
Section 2.3, except that the capacitance is the EDL capacitance
Cgp1, Which is about 1 x 10° F cm™ in PEO:CsClO, polymer
electrolyte.®?!] The maximum drain current after cleaning
increased by 247% on average, and the increase is statistically
significant (paired t-test, p = 9.0 x 107> < 0.05). However, for
the control FETs without cleaning (Figure 6¢,e), there is no sta-
tistically significant difference in the threshold voltage shift or
maximum drain current between the measurements after each
of the two electrolyte depositions (paired t-test, both p > 0.5).
The average threshold voltage is identical after the two deposi-
tions (Table S7, Supporting Information), suggesting that the
removal and redeposition of polymer electrolyte will not cause
irreversible change to the channel material, and the measure-
ment of threshold voltage is repeatable on the same device.
After cleaning, the transfer curves are more similar to each
other (Figure 6d, solid lines), as indicated by a decrease in
the standard deviation of threshold voltage from 0.4 V before
cleaning to 0.2 V after. Thus, the variation in the electronic prop-
erties among devices before cleaning can be at least partially
attributed to inhomogeneities in the polymer residue—both
laterally and vertically—which is eliminated by AFM cleaning.
The field-effect mobility increases by 1.7 + 0.2 cm? V! s7! after
polymer residue removal, which is similar to the back-gated
WSe, FETs discussed above. The threshold voltage shift, field-
effect mobility, and maximum current change are summarized
for all devices in Tables S6 and S7 in the Supporting Informa-
tion. Based on these results, we attribute the consistent trend
of negative threshold voltage shift and maximum drain current
increase after cleaning to the removal of the polymer residue.
Perhaps the most interesting observation in the EDL-gated
devices is the magnitude of the maximum current increase after
cleaning. Because the residue is a p-type dopant, we expect the
maximum current to increase after removal and indeed this is
what is observed in the back-gated WSe, FETs, Figure 5a. Inter-
estingly, the magnitude of the increase is larger for EDL gating
(247%) than that for backgating (136%), and the increase is sta-
tistically significant (independent t-test, p = 0.023 < 0.05). The
channel current, Ip, in the EDL-gated FETS can be estimated
by Ip = u(W/L)Cgpr(Vo—Vi) Vps, where Cgpy is the EDL capaci-
tance. If we assume that the Cgp; remains the same for meas-
urements before and after the cleaning, the estimated increase
of I as a result of Vy, shift and mobility increase is about 97%
on average (see Section S5 and Table S8 in the Supporting Infor-
mation), which is less than half of the observed increase. All five
devices exhibit an additional increase in the maximum current
beyond the estimate, which is attributed to the ions achieving
a closer proximity to the channel after cleaning, increasing the
EDL capacitance and inducing more electrons in the channel.
We can estimate this increase in Cgp; by assuming that the
EDL thickness after AFM cleaning is reduced by =1.2 nm (i.e.,
the thickness of the residue) to its intrinsic value of =1 nm.28 In
this case, the estimated current increase is about 333% £ 30%,
which is closer to the measured increase of 247% =+ 44%.
The difference between the estimated and measured current
increases could be due to inhomogeneity in the polymer residue
(e.g., in regions where the polymer residue was thinner than
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1.2 nm, the expected current increase would be less than 333%.
See Section S5 in the Supporting Information for more discus-
sion). These results suggest that to achieve the highest possible
field-effect modulation with EDL gating, it is important to
remove the polymer residue at the channel surface using a
nondestructive method such as AFM contact mode cleaning.

3. Conclusion

Successful removal of post-lithography polymer residue using
contact mode AFM has been demonstrated on MoS, and WSe,
and confirmed by AFM topology measurements and Raman
spectroscopy. AFM topology shows that surface roughness is
restored to its intrinsic state, and Raman spectra show that
the characteristic peak intensities of MoS, and WSe, increase
after removing the residue. For back-gated MoS, and WSe,
FETs, transfer characteristics indicate that removing PMMA, a
p-type dopant, increases the charge density by =7 x 10" cm™.
For EDL-gated WSe, FETs using a PEO:CsClO, electrolyte,
removing photoresist residue causes a negative threshold
voltage shift with a charge density increase of 4.5 x 102 cm™2,
and increases the maximum current by 247% which is sta-
tistically significant (paired t-test, p = 9.0 x 1073 < 0.05). The
increase in maximum current for EDL-gated WSe, FETs sug-
gests that removal of residue by AFM provides closer access for
the ions to reach the surface of the channel, thereby increasing
the EDL gate capacitance. Overall the results suggest that the
AFM contact mode cleaning is a widely applicable and nonde-
structive method that can successfully remove different types
of post-lithography polymer residue on a variety of 2D crystals,
and can improve channel conductivity, mobility, and charge
density. This method is especially useful for applications where
a near molecularly clean surface is required, and for EDL gating
to achieve the best possible electrostatic gate control.

4. Experimental Section

Exfoliation and Device Fabrication: WSe, and MoS, flakes with
thickness 3-20 nm were mechanically exfoliated from their bulk
sources (2D Semiconductors) and transferred to p-type Si (resistivity
0.001-0.005 ohm-cm) with 90 nm of SiO, (Graphene Supermarket)
by the Scotch tape method. These flakes were used for Raman
measurements and to fabricate back-gated FETs. Acetone, isopropanol
(IPA), and deionized water were used to preclean the substrate. Flakes
with uniform thickness were selected by optical microscopy and AFM
topology measurements (Bruker Dimension Icon in ScanAsyst mode
using SisN, ScanAsyst Air tips with 0.4 N m™). Back-gated FETs
were fabricated by e-beam lithography (EBL) (Raith e-LiNE). Two
hundred nanometers of PMMA-950-A4 (MicroChem) e-beam resist,
was spincoated at a spin speed of 4000 rpm for 1 min, followed by a
3 min bake on a hotplate at 180 °C. Source/drain and gate contacts
were patterned by EBL, and the sample was developed in a methyl
isobutyl ketone (MIBK) and IPA solution (MIBK:IPA 1:3 volume ratio)
for 1 min and then rinsed by IPA for another 1 min. E-beam evaporation
(Plassys Electron Beam Evaporator MEB550S) was used to deposit metal
electrodes at a base pressure < 1x 107 Torr. The metal thicknesses were
Pd (20 nm) and Au (80 nm) on WSe, and Ti (5 nm) and Au (100 nm)
on MoS,. The samples were immersed in acetone for lift-off at room
temperature overnight, and then rinsed with IPA and deionized water. In
some cases, flakes with PMMA residue were only characterized by AFM
and Raman, and therefore device fabrication was not necessary. In these
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cases, the flakes were exposed to the same steps of the e-beam process
except for writing the patterns. After spincoating PMMA-950-A4 and
baking, the sample was cooled to room temperature, soaked in acetone
for 15 min, and then rinsed by IPA for 1 min.

AFM Contact Mode Cleaning: AFM contact mode was used to scan
the FET channel to “sweep” away the polymer residue by the mechanical
force. For cleaning purposes, a stiff AFM tip was used (SCM-PIT-v2,
measured force constant 2.37 N m™) which is much stronger than
AFM tips commonly used for the contact mode (SisN, ScanAsyst Air
tips, 0.4 N m™"). The deflection setpoint was optimized to be 1.33 V,
which is equivalent to applying 104 nN of normal force to the sample
surface (Larger setpoints damaged the sample while smaller setpoints
do not completely remove the residue). Complete cleaning was achieved
by scanning the target region three times in different directions
(rotating the sample 90° each time) using a scan rate of 10 um s

Raman Measurements: Raman measurements were made using a
Renishaw inVia Raman Spectrometer. Each measurement was taken
with exposure time of 12 s, three times of accumulation (1800 | mm™'
grating). The measurements were made three different times on WSe,
and MoS, flakes: as exfoliated, with the PMMA residue, and after
cleaning. Each Raman measurement was done on the same flake to avoid
flake-to-flake variation. Large (=30 x 10 um) and thin (10-20 nm thick)
WSe, and MoS, flakes were selected for this study. After exposure to
the PMMA residue, the entire surface of each flake was cleaned by AFM
contact mode. A 488 nm Raman laser with beam spot size of 0.8 um
was used for MoS,, and 633 nm with spot size 1 um for WSe,. The laser
power was set to 10 mW to minimize heating the flake by the laser.

CVD WSe, Growth and FETs Preparation: Large-area, few-layer (2-3 L)
WSe, films were synthesized on sapphire substrates by metal organic
CVD (MOCVD) in a vertical cold wall system using W(CO)s and H,Se
precursors and H, carrier gas. Samples were grown at 800 °C at 700 Torr
total pressure with W(CO)s and H,Se precursor partial pressures
of 6.2 x 107 Torr and 15.6 Torr, respectively. Full details of the entire
MOCVD growth process including seeding, ripening, growth, and post-
growth annealing steps can be found in the following work.l®! Additional
materials and device characterization of identical WSe, samples and
EDL gating can be found in the referenced work.

EDL-gated FETs were fabricated via standard photolithography (GCA
8500 i-line Stepper) to define WSe, channel dimensions, source/drain
(S/D) contact electrodes, and side-gate electrodes. WSe, channels
were isolated and defined via reactive ion etching in a Plasma Therm
PT-720 plasma etch tool using an SFs/O,/Ar gas chemistry at 10 mTorr
and 100 W for 30 s. 10/10 nm Pd/Au source/drain metal was deposited
by e-beam evaporation under moderate vacuum (=107 Torr) at a
deposition rate of 1.0 A s7 followed by lift-off in acetone and PRS-3000
resist stripper. Following this initial source/drain metal deposition, a
second metallization consisting of =10/150 nm Ti/Au was carried out
to define the side-gate and to thicken source/drain pads for probing
through the electrolyte.

In total, CVD-WSe, films were subjected to four levels of
photolithography to realize EDL-gated devices (listed in chronological
order): alignment mark metal, WSe, isolation etch, source/drain
metal, and side-gate metal. The photoresist stacks used in these four
lithography steps are listed in chronological order: LOR5A/SPR 3012,
LOR2A/SPR 3012, PMGI SF5(s)/SPR 3012, and LOR5A/3012. LOR2A
and LORSA were baked at 180 °C for 3 min, SPR 3012 was baked at
95 °C for 1 min, and PMGI SF5(s) was baked at 220 °C for 3 min. The
resulting photoresist residue on CVD-WSe, device channels was most
likely a mixture of these three main photoresists.

Electrical Characterizations: Electrical measurements were made
using a Keysight B1500A semiconductor parameter analyzer in a
Lakeshore cryogenic vacuum probe station (CRX-VF) with pressure
=2 x 10 Torr. To compare the improvement of FET electrical
performance by vacuum annealing and AFM cleaning, a few back-gated
WSe, FETs were chosen to be annealed in vacuum and then cleaned
by AFM contact mode with transfer characteristics taken after each
process. Samples were annealed at 400 K for 4 h in the probe station
with pressure =2 x 107 Torr.
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Electrolyte Preparation and EDL-Gating Experiments: The polymer
electrolyte preparation process was similar to previously published
results.?3°¢] PEO:CsClO, was prepared inside an argon-filled glove box
with H,O and O, concentration < 0.1 parts-per-million (ppm). PEO
(Polymer Standards Service, molecular weight 94 600 g mol™') and
CsClO, (Sigma-Aldrich, 99.9%) were dissolved in anhydrous acetonitrile
(Sigma-Aldrich) to make a 1 wt% solution with the ether oxygen to Cs
molar ratio 76:1. The polymer electrolyte was drop-cast (25 pL) onto
the 1 cm? sample chip with CVD WSe, FETs in the glove box, dried at
room temperature until the majority of the solvent evaporated, and
then annealed at 80 °C for 3 min. The sample was transferred out of the
glove box to the probe station using a load lock filled with argon. The
deposition and transfer were completed in an argon environment, and
the electrical measurements were completed in vacuum (=2 x 107 Torr)
to avoid any sample exposure to ambient conditions.

To compare EDL-gated WSe, FET performance with and without AFM
cleaning of the e-beam resist residue, it was necessary to remove the
PEO:CsClO, electrolyte after the first measurement and then redeposit
it onto the devices for the second measurement. First, PEO:CsClO, was
deposited on all the FETs for transfer characteristics to establish the
baseline electrical response. Next, the electrolyte was removed by a hot
acetonitrile bath at 60 °C for 30 min and kept inside acetone overnight
for 13 h. Note: acetonitrile is extremely volatile—please read safety data sheet
before heating. After the removal of the PEO electrolyte, half of the FETs
were cleaned using AFM contact mode. Last, PEO:CsClO, was redeposited
on all the FETs and the electrical measurements were repeated.

Statistical Analysis: 1BM SPSS Statistics 25.0 was used to perform
statistical analysis including t-test and ANOVA.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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ABSTRACT: Electric double-layer (EDL) gating using a custom-synthesized polyester single-ion conductor (PE400-Li) is
demonstrated on two-dimensional (2D) crystals for the first time. The electronic properties of graphene and MoTe, field-effect
transistors (FETs) gated with the single-ion conductor are directly compared to a poly(ethylene oxide) dual-ion conductor
(PEO:CsClO,). The anions in the single-ion conductor are covalently bound to the backbone of the polymer, leaving only the
cations free to form an EDL at the negative electrode and a corresponding cationic depletion layer at the positive electrode.
Because the cations are mobile in both the single- and dual-ion conductors, a similar enhancement of the n-branch is observed
in both graphene and MoTe,. Specifically, the single-ion conductor decreases the subthreshold swing in the n-branch of the bare
MoTe, FET from 5000 to 250 mV/dec and increases the current density and on/off ratio by two orders of magnitude.
However, the single-ion conductor suppressed the p-branch in both the graphene and the MoTe, FETs, and finite element
modeling of ion transport shows that this result is unique to single-ion conductor gating in combination with an asymmetric
gate/channel geometry. Both the experiments and modeling suggest that single-ion conductor-gated FETs can achieve sheet
densities up to 10'* cm™, which corresponds to a charge density that would theoretically be sufficient to induce several percent
strain in monolayer 2D crystals and potentially induce a semiconductor-to-metal phase transition in MoTe,.

KEYWORDS: electric double layer, ion gating, two-dimensional, single-ion conductor, field-effect transistor, EDLT, iontronics

B INTRODUCTION

Similar to conventional semiconductor materials such as
silicon,"” the electrical and optical properties of two-dimen-
sional (2D) crystals can be strongly influenced by strain. For
example, strain can transform 2D semiconductors from
indirect to direct band gap materials with enhanced radiative
efficiencies’ or tune the emission wavelength of the 2D
crystals.”> In addition, monolayer 2D transition-metal
dichalcogenides (TMDs) such as Mo- and W-dichalcogenide
van der Waals crystals are predicted to undergo a complete
phase change from the semiconducting 2H phase to the
metallic 1T under strain.”” Experimentally, phase transitions
in MoTe, have been demonstrated by inducing local strain
using an atomic force microscope (AFM) tip8 and more
recently, by inducing global strain via an electric field applied
to a ferroelectric substrate in contact with MoTe,.’

i i © 2019 American Chemical Society
~g7 ACS Publications

Dynamically tuning the band gap in 2D crystals is not only
fundamentally interesting but could be useful for applications
such as low-voltage transistors'’™"” and flexible elec-
'31% For these applications, it would be desirable to
create a gate dielectric that can be deposited at low
temperatures, achieve large gate capacitance (e.g., 1—4 uF/
em?),">'® and induce strain locally via field effect.

To address this need, we propose a new concept: a single-
ion conductor electric double-layer transistor (EDLT) based
on 2D crystals. Our approach is unique compared with EDL
gating with dual-ion conductors (i.e., those with mobile cations
and anions), which are commonly used for electronic and

tronics.
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Figure 1. (a) Schematic of a 2D crystal FET (either graphene or MoTe,) that can be operated by using a back gate or a single/dual-ion conductor
using a metal side gate. (b) Chemical structures of the dual- and single-ion conductors: PEQ:CsClO, (top row) and the ionically functionalized
polyester (PE400-Li) (bottom row), respectively. Anions are shaded in red and cations are shaded in blue. Schematics of the (c) dual-ion
conducting and (d) single-ion conducting FETs under two polarities. In the single-ion case, only cations are mobile while the anions are bound to
the polymer backbone and therefore fixed. This immobility leads to cationic depletion regions (shaded in pink) at either the gate/single-ion
conductor (Vg > 0) or single-ion conductor/semiconductor interface (Vg < 0), depending on the polarity of the applied field.
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EDLTs have been demonstrated on 2D crystals.
Dual-ion conductors can induce charge densities on the order
of ~10'* cm™ for electrons and holes.”**” This corresponds to
a capacitance density up to 10 #F/cm? and a large electric field
strength of ~V/nm at the interface, allowing access to regimes
of transport in semiconductors that cannot be achieved with
conventional gate dielectrics.””*** In contrast to a dual-ion
conductor, the anions of a single-ion conductor, or ionomer,
are covalently bound to the backbone of the polymer, leaving
only the cations free to move in response to an applied field.
When polarized, an EDL consisting of densely packed cations
is created at the negative electrode, but there is no
corresponding anionic EDL at the positive electrode. In
response to this imbalance, one side of the single-ion
conductor (near the negative electrode) undergoes longitudi-
nal expansion. The mechanism to induce strain using single-
ion conductors has been well investigated for ionic polymer
metal composites (IPMCs), which are useful for biomimetic
actuators and artificial muscles.>® In electronics, single-ion
conductors have been used previously to gate organic
transistors’' > where the motivation for immobilizing one
ion over the other was to avoid electrochemical reactions
within the organic channel. To our knowledge, there has been
no report directly comparing single- and dual-ion conductors
with similar chemistries in the same 2D crystal FETs or
distinguishing the electrostatic gating effects between cationic
EDLs and cationic depletion layers on 2D crystals.

We present the first demonstration of a single-ion conductor
multilayer 2D crystal EDLT and lay the groundwork for
demonstrating flexible 2D FETs with new functionalities
induced by an EDL via strain. Experimentally, we used an
ionically functionalized polyester (created via the condensation
of poly(ethylene glycol) oligomers with dimethyl S-sulfoisoph-
thalate salt’) to electrostatically gate both graphene and
MoTe, FETs. Compared with back gating through SiO,,
transfer characteristics using a side gate to control the location

of the ions within both the single- and dual-ion conductors
reveal a comparable enhancement of the n-branch current
(e.g, 20-fold improvement of subthreshold swing and two
orders of magnitude increase in on/off for MoTe, FETs). The
dual-ion conductor gating results agree well with previous
reports.'®***%%> However, unlike the dual-ion conductor, the
single-ion conductor quenches the p-branch in graphene and
MoTe, FETs, which has not been reported before. Finite
element modeling of ion transport in response to an applied
field shows that the p-branch quenching is unique to single-ion
conductor gating via the formation of a cationic depletion
region (as opposed to an anionic EDL) in combination with an
asymmetric gate/channel geometry. Both the experiments and
modeling suggest that single-ion conductor-gated FETs can
achieve sheet densities up to 10'* cm™2, which could possibly
induce sufficient strain to access the strain-induced electronic
and optoelectronic properties described above.***’

B RESULTS AND DISCUSSION

The EDL-gated multilayer 2D crystal FETs use a side-gate
geometry, as shown in Figure la. Graphene and MoTe, were
mechanically exfoliated onto a p-doped Si substrate with 90
nm SiO, (used as a back gate). The source/drain and gate
contacts (Ti/Au) were patterned by electron beam lithography
(EBL) with the side gate located 10 ym away from the
channel. The solid-state single-ion conductor is poly(ethylene
glycol benzene-1,3-dicarboxylate-S-sulfoisophthalate lithium),
abbreviated as PE400-Li, and the solid-state dual-ion
conductor is poly(ethylene oxide), abbreviated as (PEO):C-
sClO, The chemical structures of the dual- and single-ion
conductors are similar and shown in Figure 1b. The PE400-Li
is a polyester with each repeat unit consisting of the ionic
group, namely, dicarboxylic S-sulfoisophthalate, and a spacer of
poly(ethylene glycol) 400, which provides the same repeat unit
as PEO.>* Unlike PEO:CsClO, where the anion, ClO,”, is free
to respond to the applied field, the negatively charged
functional group (SO;”) in PE400-Li is covalently bound to
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the polymer backbone, while the cation Li" is free to move
under an applied field. The ether oxygen to cation molar ratios
are 76:1 for the dual-ion conductors and 9:1 for the single-ion
conductors. Differential scanning calorimetry (DSC) shows
that the single-ion conductor has a markedly higher glass
transition temperature (Tg = 14.5 °C) than the PEO:CsClO,
electrolyte (T, = —31.5 °C) (Figure S1, Supporting
Information), which is consistent with the single-ion conductor
having a larger salt concentration.”® This difference in T,
suggests that the single-ion conductor will have lower ionic
conductivity than the dual-ion conductor.

When no voltage is applied, cations and anions are
homogeneously distributed throughout the electrolyte for
both the single- or dual-ion conductors. The steady-state
locations of cations and anions under V; > 0 and V < 0 are
illustrated in Figure 1¢,d for the dual-ion conductor and single-
ion conductor, respectively. When a positive gate bias is
applied to a dual-ion conductor (Figure I, left), cations (Cs*)
are driven to the channel where they induce image charges (in
this case, image charges are electrons) forming a cationic EDL
at the channel/electrolyte interface. An analogous anionic EDL
will form as anions (ClO,”) accumulating at the electrolyte/
gate interface. When the polarity of the applied bias is reversed,
an anionic EDL forms at the channel and a cationic EDL forms
at the gate (Figure lc, right).

For a single-ion conductor, shown in Figure 1d, a positive
gate bias does not result in an anionic EDL at the gate/
electrolyte interface; instead, there exists a cationic depletion
layer (Figure 1d, left). When the polarity is reversed, the cation
depletion layer forms at the channel/electrolyte interface
(Figure 1d, right). Crucially, the negative charge stored by
anions in the cationic depletion layer equals the positive charge
in the cationic EDL, while the volumetric charge density of
anions in the depletion layer is fixed and smaller than the
volumetric charge density of the closely packed cations in the
EDL. Thus, the depletion layer requires larger thickness (or
volume when considered in 3D) than the EDL to store the
same amount of charge. The presence of such a thick depletion
layer also suggests that the device geometry will affect the
interface capacitance of devices gated by the single-ion
conductor because the depletion layer thicknesses will depend
on the areas of both channel and gate. In contrast, the EDL
thickness is always the distance between the ion and channel
surface (i.e., <1 nm) and is independent of the channel size.
Nonetheless, a depletion layer, albeit significantly thicker than
the EDL, will still serve as a capacitor just with a smaller
capacitance density than the EDL."'

To understand how the ion and voltage distributions differ
under an applied voltage in a single-ion conductor compared
to a dual-ion conductor and how their distributions will change
with respect to the device geometry, we modeled ion transport
using finite element analysis via COMSOL Multiphysics. A
modified Nernst—Planck—Poisson system of equations””*’
was solved for both single-ion and dual-ion conductors in two
parallel plate capacitor geometries: one with electrodes of
equivalent sized and another where one electrode is 10 times
larger than the other (i.e., modeling the FET scenario where
the channel is smaller than the gate). Figure 2 shows the
resulting steady-state voltage distributions for applied voltages
of equal and opposite polarities; the voltage is applied to the
right electrode with the left electrode grounded. We first
consider the scenarios where the electrodes have equivalent
size (Figure 2a,b). In the case of a dual-ion conductor, anions

and cations accumulate adjacent to their respective electrodes,
producing EDLs of equal charge and thickness. The result is a
symmetric voltage profile across the thickness of the capacitor
where half of the applied voltage drops on each EDL regardless
of the voltage polarity (Figure 2a), and the voltage drop
through the bulk of the electrolyte is nearly zero.

In the case of the single-ion conductor, the majority of the
voltage always drops across the depletion layer, regardless of
polarity. The voltage drop is approximately 3 times larger
across the depletion layer than the EDL, and the depletion
layer is also approximately 3 times thicker than the EDL
(Figure 2b). This result is sensible when considering
conservation of charge across the parallel plate capacitor.

Charge (Q) is expressed as Q = V,,.C,, = Vimsoerg, where V,
is the voltage across the interface, Cy, is the interface
capacitance, A is the area of channel, and d is the thickness
of the interface capacitive layer (i.e., thickness of EDL or the
depletion layers). Thus, the thicker depletion layer has lower
interface capacitance and therefore requires a larger voltage
drop to balance the charge.

For the scenario of equal sized electrodes discussed above,
the voltage distribution across the single-ion conductor differs
from the dual-ion conductor because the depletion region in a
single-ion conductor requires the majority of the voltage drop.
However, when the electrodes are unequal in length, similar to
what would exist between the channel and the gate in a side-
gated EDLT geometry, the voltage profiles between the single-
and dual-ion conductors are remarkably similar because the
geometry induces the majority of the voltage drop. Specifically,
the length of the left (grounded) electrode decreased to one-
tenth of the right electrode, and for the dual-ion conductor,
90% of the voltage drop across the EDL occurs adjacent to the
shorter electrode, regardless of the voltage polarity (Figure 2c).
The asymmetric voltage drop again results from charge
conservation: the shorter electrode requires a larger voltage
drop to compensate for its smaller capacitance.

In the case of the single-ion conductor (Figure 2d), the
majority of voltage drop is also adjacent to the shorter
electrode for the reason mentioned above, but the details of
the ion and voltage distributions are more complicated. For V
> 0 applied to the longer electrode, ~85% of the voltage drop
is distributed across the ~0.5 nm-thick cationic EDL at the
shorter electrode. When the polarity is reversed to V < 0,
almost all of the applied voltage (97%) falls within the ~1.5
nm-thick depletion layer near the shorter electrode (Figure
2d). This result is significantly different from Figure 2b where
the electrode sizes are equal. To understand this difference, we
focus on the voltage distributions near the grounded electrode
only because the shorter grounded electrode is similar to the
channel in the transfer measurements where Vg = 0 V and Vg
< Vs (see parts 2 and 6 in the Supporting Information).
Focusing on the inset of Figure 2d, the depletion layer is ~3
times thicker than the EDL even though the voltage drop is
only 14% larger. This occurs because the grounded electrode is
10 times smaller and requires the majority of the potential
drop regardless of the polarity of V. Even though the depletion
layer thickness is 3 times larger, it is not possible for this layer
to have 3 times larger potential drop than the EDL at the same
electrode, and therefore, the charge at the grounded electrode
will be lower for V < 0 compared to V > 0. This result suggests
that the single-ion conductor in a side-gated EDLT geometry
will exhibit weaker p-type doping compared to n-type doping.
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Figure 2. Steady-state voltage distributions from COMSOL Multiphysics and the corresponding device schematics showing ion positions for both
(a, ) dual-ion and (b, d) single-ion conductors in two parallel plate capacitor geometries: electrodes of equal size (upper row) and electrodes of
unequal size where the right electrode is 10 times larger than left (bottom row). Note that the schematics are not drawn to scale. Either +1 V is
applied on the right-side electrode. Cation and anion layers are highlighted in blue and red, respectively. The anion EDL (dual-ion) or cationic
depletion layer (single-ion) thickness differences are illustrated qualitatively. Specifically, for the dual-ion conductor, the anionic EDL layer
thickness is similar to the cationic EDL layer thickness; while for the single-ion conductor, the cationic depletion layer thickness is larger and
influenced by the electrode size. The steady-state potential distributions under positive and negative voltages are highlighted in the red solid and

dashed blue lines, respectively.

To test these predictions experimentally, we chose graphene
as the first 2D material for two reasons. First, because it is a
semi-metal, graphene is highly conductive and ambipolar with
an intrinsic charge neutrality point at zero gate voltage, making
it ideal for sensing both p- and n-type changes in conductivity.
Second, EDL gating of graphene FETs using a dual-ion
conductor has been widely demonstrated,”®” making it
straightforward to benchmark against previously published
results.

Graphene FET's with side gate geometry were fabricated by
EBL as depicted above in Figure la. After device fabrication
and before the single-ion conductor deposition, the channel
surface was cleaned using an AFM in contact mode to remove
e-beam resist residue.”’ Preparing a residue-free surface is
essential to achieve the maximum gating effect because the
EDL forms within a few nanometers of the surface, similar to
the typical thickness of the EBL residue.”’ Figure 3a shows the
AFM images of a graphene device after AFM cleaning. The
root mean square roughness (R,) of the channel surface was
reduced from ~1.30 nm before cleaning to ~0.37 nm after
cleaning, which is close to the reported value for freshly
exfoliated graphene on SiO, (~0.32 nm).*” Note that all R, are
reported for a 400 X 400 nm area. The line scan indicates a
flake thickness of 1.5 nm, corresponding to ~5 layers of
graphene.

35882

The transfer characteristics of the graphene FETs (without
electrolyte) were first measured with a back gate (Figure 3b,
blue line), and the devices show a Dirac point around Vyg = 0
V, suggesting that there is negligible intrinsic doping in the
exfoliated flakes. Under Vg = 100 mV, the transfer curve
exhibits highly symmetric n- and p-branches with a current
maxima of ~100 pA (25.4 uA/um) at |Vzgl = 30 V. The
output characteristics of the bare graphene FET (Figure 3c,
blue lines) also indicate that I, is a linear function of Vpy,
suggesting good ohmic contact at the source/drain terminals.
These results on the bare graphene FETs are in good
agreement with prior reports.ss’%’44

After deposition of the single-ion conductor, the transfer and
output measurements were repeated with EDL gating using the
side gate 10 ym away from the channel. A sweep rate of 2.5
mV/s was used, which is 2000 times slower than that of the
bare FET to allow sufficient time for the ions to respond to the
field. This relatively slow sweep rate is consistent with the high
T, of the single-ion conductor that reflects slow ion mobility.
Compared to the bare FET, the maximum I, increased in the
n-branch (Vgg > 0 V) by 50% to ~152 uA at Vg = 3 V. The
increased current is expected for the EDL gating because of the
large interfacial capacitance (1—4 uF/cm’) induced by
EDLs.">'® However, unlike conventional EDL gating with
dual-ion conductors where the current is enhanced in both the
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Figure 3. (a) AFM topography scan of a bare graphene FET channel (before electrolyte deposition). The location of the line scan is indicated by
the white dashed line. (b) Transfer characteristics of the graphene FET: the blue data corresponds to the back-gated measurement of a bare FET
while the red corresponds to a side-gated measurement on the same FET with the single-ion conductor. (c) Output characteristics of the back-

gated (blue) and side-grated (red) graphene FETs.

n- and p-branches of an ambipolar FET, the single-ion
conductor-gated FET shows a suppressed p-branch (Vgg < 0
V). The maximum Iy, for the p-branch decreased by 65% to
~3S puA at Vgg = —3 V. This observation agrees well with the
predictions from Figure 2d. The channel current, I, =

ueoerg(Vim — VT)%VDS, where V,, is the interface voltage, d
is the interface capacitive layer thickness, and A/W/L is the
area/width/length of the channel. When V; is negative
(corresponding to the p-branch), the depletion layer thickness
next to the channel is expected to be much larger than the EDL
thickness next to the channel when Vg is positive
(corresponding to the n-branch). However, we learned from
Figure 2d that the voltage drop across the depletion layer at
the short electrode (i.e., channel) is only slightly larger than
that across the EDL; thus, the channel current should be lower
in the p-branch than in the n-branch.

Output characteristics as a function of side gate voltages are
shown in Figure 3c (red lines). Compared with the back-gated
data, the maximum I, under positive (negative) side gate
voltages are higher (lower), which is congruent with the
transfer characteristics. Note that the results shown in Figure
3c are double sweeps, including the single-ion conductor-gated
results, and the overlap of the forward and reverse sweeps
indicates that the single-ion conductor gating is stable at each
measured gate voltage, as long as adequate time is provided for
the ions to respond to the field.

Thus far, the electrical characteristics of the single-ion
conductor-gated FET's qualitatively agree with our predictions;
however, it is essential to benchmark the single-ion conductor
gating performance against a commonly used dual-ion
conductor. To do this, we removed the single-ion conductor
by solvent washing (dimethylformamide, DMF) and AFM
cleaning. After the two-step cleaning process, the root mean
square roughness (R,) of the graphene channel is close to the
value of freshly exfoliated flakes (Supporting Information,
Figure $8).*” Then, we redeposited a dual-ion polymer
electrolyte, PEO:CsClO,, on the same device and repeated
the transfer measurements. Figure 4 shows the transfer curves
for two such FETs (device 1 and 2) with (1) Si/SiO, back gate
(no electrolyte), (2) EDL side gate using the single-ion
conductor, and (3) EDL side gate using the dual-ion polymer
electrolyte, PEO:CsClO,. The solid lines correspond to the
forward sweeps, and the dashed lines correspond to the reverse
sweeps. For the transfer curves obtained using PEO:CsClO,
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Figure 4. (a, b) Transfer characteristics of two graphene FETs. Back-
gated bare devices (blue), side-gated with single-ion conductor (red),
and side-gated with dual-ion conductor (green). Solid and dotted
lines indicate scans from negative to positive gate voltages and from
positive to negative gate voltages, respectively. Note that the gate
voltages were normalized with respected to Vp, to facilitate
comparison between n- and p-branches currents using different
gating methods. The original data are provided in Supporting
Information, Part 3.

25 - - 120
a — ?6"9'2"0'1‘00?{“5”2}0; b —— Single-ion conductor
« .= 5 x 1072 cm?/s) )
€ 20| —— Dual-ion conductor ] 100 |- — Duak-ion °°“d”°tf’,__,,,_/A g
© (D,=D.=7.5 x 102 cm?/s)
:o 80| ]
2 15t
= 60 "\ ; y q
> < \ / p
=10t = N\
2 20l O\ .
[} = X
e 5f 20F AL/ 1
k) 05Vis 25mVis
E ot 1 o+ Vps=100mV 4
© 1.0 -05 00 05 1.0 3 2 414 0 1 2 3

Applied Voltage (V) Vgs (V)

Figure 5. (a) COMSOL simulations of corresponding charge carrier
densities within the grounded electrode in a parallel-plate capacitor
geometry with the single-ion conductor (red) and the dual-ion
conductor (green). (b) Transfer characteristics of both ion
conductors on one graphene FET (device 3): the single-ion
conductor is red and the dual-ion conductor (PEO:CsClO,) is
green. In both (a) and (b), the voltage is swept from negative to
positive (solid lines) and then reversed (dotted lines).

(green), both the n- and p-branches are clearly observable and
show increased current compared to the bare, back-gated
devices. Overall, for the n-branch, EDL gating with either dual-
or single-ion conductor shows enhanced on current (~80 and
60% for dual- and single-ion conductors, respectively) over
back gating through SiO,. This improvement is attributed to
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Figure 6. (a) AFM topography scan of a bare MoTe, FET channel (before electrolyte deposition). The location of the line scan is indicated by the
white dash line. (b) Transfer characteristics of the MoTe, FET in log scale with back-gated transfer measurements from Vg = —30 to 30 V on the
bare FET in blue and side-gated transfer of the same FET from Vg = —3 to 3 V with single-ion conductor in red. (c) Zoomed transfer curves on a
linear y axis over a negative range of Vjg to highlight the suppressed p-branch when using the single-ion conductor.

the larger EDL capacitance and agrees with previous
reports.'® For the p-branch, the enhancement of on current
is again observed for the dual-ion conductor but is suppressed
for the single-ion conductor. Note also that the Dirac point
location in the transfer measurements shifts to negative Vg
after the deposition of the single-ion conductor and does not
return to zero after removing the electrolyte with solvent and
AFM cleaning (Supporting Information, Figure SS). However,
this shift is commonly observed in EDL gating of graphene
FETs using dual-ion conductors”” and reflects that the
electrolyte induces doping of the graphene channel even in the
absence of a gate voltage. The original data and discussion of
the differences between devices are provided in Supporting
Information, Part 3.

The successful ambipolar modulation of the channel current
using a dual-ion conductor indicates that the single-ion
conductor did not change the graphene channel in a way
that would prevent hole conduction. This further supports the
understanding that suppressed p-branch current in the single-
ion conductor is caused by the cation depletion layer having
weaker gate modulation compared to the EDL. This effect can
be captured by modeling the dynamic response of single- and
dual-ion conductors in response to a voltage sweep. A time-
dependent Nernst—Plank—Poisson equation was used with a
geometry identical to Figure 2c,d. The voltage is applied to the
right electrode, and the ion distribution near the left
(grounded) electrode is monitored. The ion mobility of the
single-ion conductor is lower than that of the dual-ion
conductor (as mentioned above and in Figure S1), and we
therefore set the diffusion coeflicient of the dual-ion conductor
to be 1.5 times larger than that of the single-ion conductor.

Figure 5a shows the predicted carrier density in response to
a voltage sweep in the range of +1 V. For the dual-ion
conductor, anions and cations accumulate at the electrodes
identically, resulting in a symmetric carrier density with respect
to the applied voltage polarity. In contrast, for the single-ion
conductor, the carrier density at the grounded electrode is
lower under a negative voltage corresponding to the cation
depletion region, compared to positive voltage corresponding
to a cationic EDL. These results agree with the smaller
capacitance at the depletion layer, as discussed above regarding
Figure 2.

If we consider only EDL gating of the single- and dual-ion
conductors (i.e., Vg > 0), the maximum predicted carrier
densities are similar (15 X 10" cm™ and 17 X 10" cm™ for
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single and dual-ion conductors, respectively). The similarity is
also reflected in the steady-state modeling results in Figure 2¢,d
where the voltage dropped across the grounded electrode is
similar for single-ion (0.85 V) and dual-ion conductors (0.89
V). The EDL thicknesses are also similar (~0.5 nm), and
therefore, the charge densities are expected to be similar.

To compare directly between modeling and experiments,
Figure Sb shows the transfer curves measured experimentally
on a third device (device 3) using both single- and dual-ion
conductors (see also Figure S5, Supporting Information). The
experimental results of all three devices shown in Figures 4 and
S exhibit similar trend and match closely with simulations.

The similar n-type doping performance between the single-
and dual-ion conductors is encouraging because it suggests the
possibility of using the single-ion conductor to induce high
charge density similar to dual-ion conductors, which is up to
10" cm™ as measured experimentally”>® and also predicted
in simulations in Figure Sa. Note that a higher applied voltage
is required experimentally to achieve the same carrier density
as the simulation because of the geometry differences and
imperfect ion packing. In addition, we measured the EDL
capacitance induced by the single-ion conductor by a series of
Vs transfer measurements under various Vg (Figure S6,
Supporting Information). The EDL capacitance of the single-
ion conductor (1.66 uF/cm?) is very similar with the reported
value of dual-ion conductors (1—4 uF/cm?),">**** which also
implies the possibility of achieving similar n-type gating. The
ability to pack ion densely is critical for creating electrostatic
imbalance in the single-ion conductor, which can lead to
mechanical bending of the electrolyte if it is placed on a
semirigid support (ie., a suspended 2D flake).

Lastly, to make sure that the gating performance of the
single-ion conductor is not unique to graphene and can also be
observed in 2D crystals, MoTe, FETs were fabricated with the
same device geometry as the graphene FETs. We choose
MoTe, because one potential use for single-ion conductor
gating is to explore the strain-induced semiconductor-to-metal
transition for which MoTe, is predicted to have one of the
smallest strain requirements (i.., <3%).° Moreover, the
transition has been experimentally demonstrated in
MoTe,.*® The AFM scans of one MoTe, FET are shown in
Figure 6a, and the line scan shows the channel thickness to be
4 nm (~6 MoTe, layers). The majority of the flake is in
uniform thickness, and therefore, we expect minimal impact
from thickness variations on the electrical properties.*® Back-
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gated transfer characteristics were measured on bare devices, as
indicated by the blue transfer curve in Figure 6b. The bare
MoTe, FET is ambipolar with a minimum current of ~107°
HA at Vg of ~—15 V. The on/off ratio of the n-branch from
—5 < Vg < 30 Vis <10% and the p-branch from —30 < Vpg <
—17 V is <100.

Using the single-ion conductor, the maximum current
through MoTe, at Vg = 3 V is ~32 times larger compared
to the maximum current of the bare FET at Vg = 30 V
(Figure 6b). Output characteristics also show effective gate
control of the channel current using the single-ion conductor
(Figure S9). The on/off ratio of the n-branch increases from
10* for the bare FET to ~10° with the single-ion conductor.
Also, the subthreshold swing (SS) of the n-branch decreases
with the single-ion conductor (from 5000 mV/dec by back-
gating the bare device to 247 mV/dec). The strong current
modulation and the enhanced on/off ratio further confirm the
strong EDL modulation by the single-ion conductor. Similar to
the graphene FETS, the I of the p-branch remains suppressed,
in this case, at the off level of 10~ pA. The suppressed p-
branch is highlighted in a linear plot in Figure 6c.

B CONCLUSIONS

EDL gating using a custom-synthesized single-ion conductor is
demonstrated for the first time on both graphene and MoTe,
FETs. Transfer characteristics for all the FETs show an
enhanced n-branch using the single-ion conductor and a
suppressed p-branch compared with back-gated measurements
of bare FETs. Finite element modeling of ion transport in
response to an applied field shown that the p-branch
suppression results from the combination of using a single-
ion conductor and an asymmetric gate/channel geometry. In
addition, the two ion conductors compared on the same FET's
both show similar performance in the n-branch (i.e., on/off
ratio and maximum ion current), suggesting that the single-ion
conductor can achieve cationic ion densities similar to the well-
studied dual-ion conductor (ie., up to 10" cm™). This
achievable carrier density is also predicted by modeling and
would be theoretically sufficient to induce several percent
strain in a 2D crystal. This is the first demonstration of a
single-ion conductor-gated multilayer 2D crystal FET, and the
results lay the groundwork for inducing strain in 2D materials
locally via field effect and for demonstrating the 2H to 1T’
phase transition. These features are potentially useful for
creating an electronic switch with a low turn-on voltage and
steep subthreshold swing and for 2D flexible electronics with
functionality controlled by strain.

B EXPERIMENTAL SECTION

Device Fabrication and Electrical Characterization. Freshly
cleaved few-layer graphene and MoTe, flakes (1.5 nm—5 nm-thick)
were mechanically exfoliated from their bulk sources (2D semi-
conductors) to p-doped silicon substrate with 90 nm SiO, (Graphene
Supermarket, resistivity of 0.001—0.005 ohm-cm). The flake top-
ography and thickness were measured by AFM (Bruker Dimension
Icon, ScanAsyst mode). Source/drain electrodes and side gates were
patterned by EBL (Raith e-LINE). Also, Ti (3 nm)/Au (120 nm)
metals were deposited by e-beam evaporation (Plassys MEBSS0S
electron beam evaporator) at a base pressure of <107 Torr. After
liftoff, FET's were transferred to a cryogenic vacuum probe station
(Lakeshore, CRX-VF) for vacuum annealing (400 K, 4 h at a pressure
of 2 X 107 Torr) and initial electrical measurements. After annealing,
FETSs were transferred from the probe station to an Ar-filled glovebox
using an Ar-filled load lock without exposure to ambient air for

electrolyte deposition, before transferring back to the probe station for
electrical measurements. The electrical measurements were conducted
using a Keysight B1500A semiconductor parameter analyzer at a
constant temperature of 300 K.

Single-lon Conductor Synthesis. The polyester single-ion
conductor was synthesized by a two-step melt condensation between
poly(ethylene glycol) (PEG) 400 (M,, = 400 g mol™") and dimethyl
5-sulfoisophthalate sodium salt.”* The resulting polyester Na was then
sealed in semipermeable dialysis membranes and exposed to an excess
of LiCl (0.5 M) in deionized water to exchange Na* for Li*.** The
final product, polyester Li (PE400-Li), was dissolved in dimethylfor-
mamide (DMF) inside an Ar-filled glovebox to obtain a 3 wt %
solution. The solution was drop-cast on graphene and MoTe, FETs
(8 uL on the 1 cm? chip), and the DMF was removed by evaporating
naturally in the glovebox overnight. The FET's coated with the single-
ion conductor were transferred back to the probe station using the
load lock for subsequent measurements.

Dual-lon Conductor. The dual-ion conducting polymer electro-
lyte (PEO:CsClO,) was prepared similarly to previously published
work."> PEO (Polymer Standards Service, M,, = 94600 g mol™!) and
CsClO, (Sigma-Aldrich, 99.9%) were dissolved in anhydrous
acetonitrile (Sigma-Aldrich) to make a 1 wt % solution with an
ether oxygen to Cs molar ratio of 76:1. Twenty-five microliters of the
solution was drop-cast onto the 1 cm? sample of graphene FETs in the
glovebox, dried at room temperature until the majority of the solvent
evaporated, and then annealed at 80 °C for 3 min.

Modeling. The time-dependent, modified Nernst—Planck—
Poisson relationship was used in COMSOL Multiphysics to predict
ion accumulation in response to voltage. Ion migration was modeled

using a modified version of the Nernst—Plank equation:
% = V(Dchir + %z 6. VV + 7, where ¢ is the ion concentration,
D is the ion diffusion coeflicient, F is faraday’s constant, RT is the
thermal energy, y is the steric repulsion term, and V is the electrolyte
potential. The potential is coupled to Poisson’s equation V*( — V) =
FY.2 |(z¢;), where € is the permittivity of the electrolyte (~10 g,)*°
and z is the ion charge number (+1 for cations, —1 for anions). A
stern layer, defined by V*( — V) = 0, was used directly adjacent to
the electrode and SiO, boundaries and set to equal 2 A. The bulk
concentration of ions corresponds to an ether oxygen to lithium ratio
of 20:1, and the density of the polymer is assumed to be 1 g/cm®.

For all four geometries, a 50 ym-long by S pim-thick electrolyte was
used; electrodes were modeled as boundary conditions with the
appropriate potentials. In the models involving geometries of equal-
sized electrodes, the electrode surfaces constituted the entire 50 pm
boundary. A zero charge boundary condition (defined as n - D = 0,
where 7 is the surface normal vector and D = — ¢ V V was used for
the nonelectrode boundaries). The mesh size near the electrode
interfaces was decreased until the EDL concentrations remained
within 1% of its previous value.

In the models involving unequal electrodes, boundary conditions
for nonelectrode boundaries were defined to mimic SiO, by using a

modification of the previous boundary condition: n-D = ——85‘0245,

t
where &g, is the permittivity of SiO,, ¢ is the local electrolyte
potential at the interface, and ¢ is the oxide thickness (90 nm). This
modification allowed for a nonzero electric flux through the
nonelectrode boundaries (i.e,, 90 nm oxide) and therefore allowed
ions to accumulate near the oxide surface. To determine the carrier
density in ions/cm® through the electrolyte, the volumetric charge
density was integrated using trapezoid approximation along a cutline
taken across the electrolyte perpendicular to the center of the
grounded electrode beginning at the electrode surface and terminating
at the center of the electrolyte.

DSC Measurements. The DSC samples were prepared inside the
Arfilled glovebox. PE400-Li (8.7 mg) and PEO:CsClO, (7.1 mg)
were hermetically sealed in aluminum DSC pans. Measurements were
made on TA 250 calibrated with an indium standard. To measure T,
(glass transition temperature) and T, (melting temperature), samples
were heated to 100 °C to erase the thermal history, cooled to —70 °C
at 3 °C min~}, and heated to 100 °C at 5 °C min~".
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Abstract: A gateless lateral p-n junction with reconfigurability is demonstrated on graphene
by ion-locking using solid polymer electrolytes. Ions in the electrolytes are used to configure
electric-double-layers (EDLs) that induce p- and n-type regions in graphene. These EDLs are locked
in place by two different electrolytes with distinct mechanisms: (1) a polyethylene oxide (PEO)-based
electrolyte, PEO:CsClQy, is locked by thermal quenching (i.e., operating temperature < Ty (glass
transition temperature)), and (2) a custom-synthesized, doubly-polymerizable ionic liquid (DPIL)
is locked by thermally triggered polymerization that enables room temperature operation. Both
approaches are gateless because only the source/drain terminals are required to create the junction,
and both show two current minima in the backgated transfer measurements, which is a signature of a
graphene p-n junction. The PEO:CsClOy gated p-n junction is reconfigured to n-p by resetting the
device at room temperature, reprogramming, and cooling to T < Tg. These results show an alternate
approach to locking EDLs on 2D devices and suggest a path forward to reconfigurable, gateless lateral
p-n junctions with potential applications in polymorphic logic circuits.

Keywords: p-n junction; graphene; ion doping; electric double layer; polymer electrolyte

1. Introduction

The p-n junction—one of the building blocks of electronics—is required for diodes, bipolar and
tunnel transistors, among other devices [1-3]. While two-dimensional (2D) materials have received
attention for their unique properties and potential applications in electronics and optoelectronics [4,5],
engineering p-n junctions in these materials presents unique challenges, such as achieving precise
doping control over short distances for lateral homojunctions [2,6,7]. Nonetheless, plenty of progress
has been made to engineer permanent p-n junctions in 2D materials. For example, graphene diodes [8,9],
photodetectors [10,11], and photovoltaic cells [12] have been demonstrated. Generally, junctions in
graphene are created in three architectures: lateral homojunctions formed at the interface between two
regions of dissimilar doping [6], vertical junctions where two graphene sheets with dissimilar doping
are stacked [3], and heterostructure junctions where a different 2D material is grown adjacent to or
stacked with graphene (creating either an in-plane or vertical junction) [13-15].

Among the three architectures, the lateral p-n homojunctions offer a simple design with potential
for large-scale integration, it does not require in-plane heterostructure growth [16], and it avoids
vertical stacking and flake transfer [17,18]. The most commonly used approaches to achieve lateral p-n
junctions is electrostatic doping using split gates [8,19], substitutional doping [6] and chemical doping
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resulting from charge transfer from adsorbates [20]. Less common approaches include applying large,
local electrical stress [21], and substrate engineering [1]. Although the p-n junctions created by split
gates are reconfigurable, challenges remain including fabrication and parasitics [22]. While graphene
and other 2D materials can be substitutionally or chemically doped over wide areas p- or n-type,
and with a dopant concentration range of 10 to 10'® [6,23-27], one challenge is creating abrupt p-n
junctions. Moreover, both substitutional and chemical doping [20] are permanent, meaning that the
junction cannot be reconfigured.

Similar to metal gates, electric double layer (EDL) gating is an electrostatic approach; however,
EDL gating involves positioning ions at the interface between an electrolyte and a 2D surface by field
effect. The ions induce image charge in the channel, and can achieve doping densities > 10'* cm~2
because of the < nm charge separation distance between ions and image charges [28-36]. Because
this approach does not rely on replacing atoms in the 2D crystal or transferring charge, this method
avoids permanently changing the crystal structure and potential problems associated with doping
defects. Moreover, EDL doping is adjustable—ions can be reconfigured by changing the applied field.
For these reasons, polymer electrolytes and ionic liquids have been used extensively for reconfigurable
doping of graphene and other 2D materials [29,35,37-39].

Although EDL gating is a highly effective method to control charge transport in 2D materials,
a constant gate bias is required to hold the ions in place and avoid EDL dissipation. What would
be useful is a “gateless” electrolyte wherein the ions could be placed in a p-n junction configuration
and locked into position via a trigger until they can be unlocked later and reconfigured. Such a
triggerable locking/unlocking mechanism that enables reconfigurability on demand could be useful in
applications requiring polymorphic electronics. That is, applications in which a circuit implementing
one type of operating mode can reconfigure itself on demand and activate new functions in response
to a stimulus [40-43].

One approach to “lock-in” an EDL is to decrease ion mobility by decreasing the temperature of
the device below the glass transition temperature (Tg) of the polymer electrolyte. This approach has
been used previously to lock-in p-n junctions in MoS, [44], WSe; [45], and MoTe, [29]. We have also
used the same approach for unipolar doping of graphene, but with a polymer electrolyte, poly (vinyl
alcohol) and LiClO, (PVA:LiClOy), for which Tg > room temperature [31]. More than 75% of the EDL
was retained at room temperature after removing the field, and the device could be reconfigured by
heating to T > Tg. In addition, the concept of ion-locking to form “frozen junctions” has been adopted
in light-emitting electrochemical cells (LECs) where the homojunction of an electroluminescent organic
semiconductor is created by fixing the ion distribution in a polymer electrolyte by cooling or forming
covalent bonds [46—48].

Here, we take two approaches to create and lock-in a p-n junction in graphene. First, we
apply the thermal quenching approach to lock a p-n junction using polyethylene oxide and CsClO4
(PEO:CsClOy). Then, we extend the concept to room-temperature operation via a custom-synthesized,
doubly-polymerizable ionic liquid (DPIL) where a p-n junction is locked by a thermally triggered
chemical reaction. Both approaches are “gateless” because only the source/drain terminals are
required to create the junction. After the ions are locked in place using both approaches, backgated
transfer characteristics show two Dirac points—a signature of a p-n junction in graphene [20,23,49,50].
These results suggest that appropriate chemical tailoring of the electrolyte can open possibilities for
reconfigurable doping with potential use as polymorphic logic gates.
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2. Materials and Methods

2.1. Device Fabrication

The four-electrode graphene device used for this study is schematically illustrated in Figure 1a.
The electrolyte was either PEO:CsClO, or DPIL. Graphene flakes (~1.5 nm thick) were exfoliated
from the bulk (2D Semiconductors) by mechanical cleaving (i.e., Scotch tape method) and transferred
to a 1 x 1 ecm? p-type Si (Graphene Supermarket, resistivity 0.001-0.005 ohm-cm) with 90 nm SiO,.
The substrate was pre-cleaned with acetone, isopropanol (IPA), deionized (DI) water and dried with
Nj. E-beam lithography (EBL, Raith e-LINE) was used to pattern the electrodes. PMMA-950-A4
(MicroChem) was spin-coated at 4000 rpm for 1 min and then annealed at 175 °C for 7 min. After
exposure, the resist was developed in methyl isobutyl ketone MIBK:IPA (1:3 volume ratio) for 2 min,
and rinsed with IPA for another 2 min. E-beam evaporation (Plassys Electron Beam Evaporator
MEB550S) was used to deposit metal electrodes (3 nm Ti; 130 nm Au) at a base pressure < 1 X 1076 Torr.
Lift-off was performed in acetone overnight for 9 hours, followed by IPA, DI water rinse and N, drying.
Using contact-mode atomic force microscopy (AFM, Bruker Dimension Icon), e-beam resist residue
was removed from the graphene between the electrodes (SCM-PIT-v2, 3 Nm™!) [33]. Before electrical
measurements, samples were annealed at 127 °C (400 K) in vacuum at a pressure of 9 x 10~ Torr for
4 hours. Electrical measurements were made on a Cascade Microtech Summit 11000 probe station
(PEO:CsClO4 doped samples) or a Lakeshore cryogenic vacuum probe station (DPIL samples), both
using a Keysight BI500A semiconductor parameter analyzer. After initial measurements on bare
devices, the samples were transferred to an Ar-filled glovebox (H,O and O, concentration < 0.1
parts-per-million (ppm)) for electrolyte deposition.
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: 0e%lo @ ®
Polymer 1 : :. o‘ :0 4
Graphene electrolyte = =
y 90 nm SiO, Graphene
Metal J p* Si (Back gate)
electrode PN o B =
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Figure 1. Schematics of a lateral graphene p-n junction with n- and p-type regions created by
electric-double-layer (EDL) doping and subsequent ion-locking. (a) Four-electrode graphene device
coated by a solid polymer electrolyte (i.e., PEO:CsClOy electrolyte or DPIL). Cations (blue spheres)
and anions (red spheres) dope the graphene channel to form p-type (pink) and n-type (blue) regions,
respectively. (b) The formation of a p-n junction by EDL doping: (1) Programming voltages are applied
to electrodes 2 and 3, while the remaining 2 electrodes and backgate are floated; mobile cations and
anions redistribute in response to the field forming a p-n junction between electrodes 2 and 3. Note
that the largest ion concentration occurs near the electrodes and decreases with distance away from
the electrodes as modeled in reference [45]. (2) After the EDL is formed, the ions are locked into place
either by cooling the PEO:CsClO, device below the Ty of the electrolyte, or by DPIL polymerization.
(3) After locking, the p-n junction remains in the absence of voltage.
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2.2. Electrolyte Preparation

PEO:CsClOy4 was prepared inside a glovebox as reported previously [29]. In brief, PEO (Polymer
Standards Service, molecular weight 94,600 gmol‘l) and CsClO;4 (Sigma-Aldrich, St. Louis, USA,
99.9%) were dissolved in anhydrous acetonitrile (Sigma-Aldrich) to make a 1 wt % solution with
the ether oxygen to Cs molar ratio 76:1. In the glovebox, the polymer electrolyte was drop-cast
(25 pL over 1 cm?) onto bare graphene devices, dried at room temperature until the majority of the
solvent evaporated, and then annealed at 80 °C for 3 min. The thickness of the cast electrolyte was
reported previously as ~1 um [29]. The samples were transferred back to the probe station to form
the p-n junctions. Programming voltages on electrodes 1 and 4 (V1 = +1 V; V4 = =1 V) were held for
10 min to drive ions into position, and the device was then cooled to 220 K which is below the Tg of
PEO electrolyte (~ 242 K [29,51]) at a cooling rate of 0.7 K/min to immobilize ions and to fix the p-n
junction with programming voltage still applied. The temperature was controlled by a Lakeshore 365
temperature controller to within + 0.01 K. Once 220 K was reached, the sample was held at 5 min prior
to the measurement to establish thermal equilibrium. After the measurement, the sample was heated
to room temperature again where the p-n junction was reprogrammed to n-p by reversing the applied
voltages (V1 =-1V; V4 =+1V).

DPIL monomers, 1-[(2-methacryloyloxy)ethyl]-3-methylimidazolium 1-[3-(methacryloyloxy)
propylsulfonyl]-1-(trifluoromethane-sulfonyl)imide, were synthesized according to reference [52-54].
One mg of the initiator, azobisisobutyronitrile (AIBN), was dissolved in 100 uL unpolymerized DPIL
monomer, and then drop-cast in the glovebox (25 uL over 1 cm?) with thickness estimated to be
~200 um according to the cast volume. The samples were transferred to the probe station via a load-lock
using an Ar-filled stainless steel suitcase. A programming voltage (V, = +1 V and V3 = —1 V) was held
for 10 min for p-n junction formation, followed by a 6-hour polymerization anneal at 353 K with the
voltage applied, which is more than sufficient for immobilizing ions by polymerization (Figure S1).
After polymerization, the device was cooled at ~ 0.3 K/min to room temperature and the programming
voltage was removed.

2.3. P-n Junction Formation

Schematics showing the process of p-n junction formation and ion-locking are shown in Figure 1b.
At room temperature, the device is programmed by applying +1 V to electrode 2 and —1 V to electrode
3 (electrodes 1, 4 and the back gate are floated). Mobile ions in the electrolyte respond to the applied
field (Figure 1b, row 1). Cationic or anionic EDLs form at the interface between the electrolyte and the
graphene channel/metal electrodes. As modeled in reference [45] where ions are used to create p-n
junctions, the highest concentration of ions (~2.4 x 10%! cm™3 at 1.5 V) builds up near the electrode
surface and then dissipates with distance away from the electrode, meaning that a more abrupt junction
can be expected with decreasing channel length. Note that the device channel lengths reported here are
100 times larger than those modeled in reference [45]; however, a channel length of tens of nanometers
is not required to observe a junction, as demonstrated previously for MoTe; [29] and MoS; [44]. Thus,
the junction formed in this study is either a p-n or p-i-n junction. To fix the p-n junction, ions are
locked in place by either cooling the PEO:CsClOy coated sample to T < Ty (where Tg ~ 242 K) or by
polymerizing the DPIL at 353 K (Figure 1b, row 2). After locking, the voltages are removed and the p-n
junction persists (Figure 1b, row 3).

3. Results and Discussions

A cross-sectional schematic and optical images for two types of backgated, 4-electrode graphene
devices are shown in Figure 2a. The type-I device has 4, equivalently sized electrodes where the
voltage to create the junction is applied between the two inner electrodes (i.e., 2 and 3) separated
by 1 um. The type-II device also has four electrodes, but the two middle electrodes are shorter than
the outer. In type-II, the outer electrodes (i.e., 1 and 4) are separated by 4.6 um are used to create
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the junction, while the two middle electrodes are used to sense the junction. Note that these two
geometries are not designed to work with a specific type of electrolyte—the p-n junction formation
process should be similar for both. Because the p-n junction relies on EDL formation at the surface of
graphene, AFM cleaning was used to remove residue from the EBL resist, thus enabling the ions to be
positioned at the closest possible distance from the channel to maximize the capacitance density [33].
Figure 2b shows the topology of the channel surface for one representative graphene device measured
before (left, as fabricated) and after (right) AFM cleaning. Line scans at the same location before and
after cleaning indicate a channel thickness of ~1.2 nm (four layers) and ~2.2 nm of removed residue.
The roughness of the channel surface was reduced from 1.32 + 0.14 nm to 0.23 + 0.02 nm after AFM
cleaning, which is close to the surface roughness for freshly cleaved graphene on SiO, [36,51,55]. Note
that the maximum current and mobility are not degraded after AFM cleaning - in accordance with our
prior reports [33,56].

As fabricated
Electrode

After cleaning
Electrode

(a) (b)

Au
Ti

20 nm

90 nm SiO,
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Figure 2. Bare, 4-electrode graphene devices. (a) Device schematic and optical images of two types of
devices (electrode spacing ~ 1 um). Type-I device has four electrodes with the same length; Type-II has
two, shorter middle electrodes. (b) AFM topology scan of a representative graphene device as fabricated
with e-beam resist residue (left) and after AFM cleaning (right). The white boxes (400 X 400 nm) on the
AFM scans indicate one of the six locations over which roughness was measured; the dashed lines
indicate the locations of the line scans and the corresponding data are shown below the AFM scans.

3.1. P-n Junction Formation Using PEO:CsClOy4

PEO:CsClOy has a low gate-to-source leakage current [57] and can induce charge carrier densities
exceeding 10'% cm~2 in 2D materials [29,30,32,37]. In addition, Cs* has a larger ionic radius than Li*
and is therefore less likely to undergo intercalation, as reported for LiClO4 [58,59]. While we have
used it previously to induce a p-n junction in MoTe, with Type I device geometry [29], here, we used it
to create a p-n junction in graphene, and with a Type-II geometry. Schematics showing the mechanism
are provided in Figure 3a, following the same general procedure as described in Figure 1. Voltage
was applied to electrodes 1 and 4 (with electrodes 2, 3 and the back gate floated) at room temperature
where the ions were mobile (Tg ~ 242 K) [51] to create the p-n junction. While continuing to apply the
voltages, the device was cooled to 220K (i.e., T < Tg), which was sufficient to immobilize the ions and
lock the EDLs [29,31]. After locking, the p-n junction forming voltages were no longer applied and
the electrical characteristics were measured. After the measurements, the device was heated to room
temperature, the voltage polarities were reversed to create an n-p junction, and the device was cooled
again and measured.
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Figure 3. Using a polymer electrolyte (PEO:CsClOy) to create a lateral p-n or n-p junction in graphene.
(a) Schematics of (i) device top view and (ii) device with homogeneously distributed ions before
programming. Equal and opposite voltages are applied to electrodes 1 and 4 ((iii) V1 = +1 V and
V4=-1V; (iv) V] = =1 V and V4 = +1 V) to program the device, followed by cooling to 220 K to
lock ions while the voltage is applied. Note that electrodes 2, 3 and the back gate are floated during
programming and ion-locking. After locking, (v) p-n or (vi) n-p junctions are fixed in the absence
of an applied field. (b) Backgated transfer characteristics (T = 220 K) corresponding to the doping
profile in (iii), with Vp = 10 mV and a sweep rate of 3 V/s. Single current minima correspond to p- and
n-type doping between electrodes 1-2 (red dash) and 3-4 (blue dash), respectively. Two current minima
correspond to the p-n junction between electrodes 2-3 (green solid line). (c) Transfer characteristics
corresponding to the to the doping profile in (iv). (d) Fermi-level tuning that gives rise to the I3-Vpg
transfer characteristics in (b) and (c). The left and right cones represent the #- and p-type regions in the
absence of Vpg after ion-locking, respectively.

The transfer curves for the p-n and n-p configurations are shown in Figure 3b,c. The current
between electrodes 1-2 (I, red dash) exhibited a single current minimum at Vpjyac = +32 V in (b)
and Vpjrae = —25 V in (c) correspondent with p-type doping by anions (ClO4), and n-type doping by
cations. Similar, but opposite observations were made for current measured between electrodes 3—4.
Focusing now on the current between electrodes 2-3 where the p-n or n-p junctions exist, rectifying
behavior was not expected in graphene due to the lack of a bandgap. Instead, the signature of the
junction in graphene was a double current minimum in the transfer characteristics [20,23,49,50]. Here,
the minima in both configurations occurred at voltages similar to those in the unipolar doped cases of
electrodes 1-2 and 3-4. These data can be understood considering the band structure and Fermi level
tuning of graphene with p- and n-doped regions as illustrated in Figure 3d. The first current minimum
(at negative Vpg) occurred when the Fermi level aligned with the Dirac point of the n-type graphene
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doped by cations after locking. Similarly, the second current minimum (at positive Vpg) occurred
when the Fermi level aligned with the Dirac point of the p-type graphene.

3.2. P-n Junction Formation Using DPIL

While ion-locking at low temperature proves that stable junctions can be created in graphene by
immobilizing ions, this low-temperature approach is impractical. However, there are other methods by
which to immobilize ions for room temperature operation, and we explored a chemical trigger here. DPIL
has cations and anions with similar structure as the ionic liquid, [EMIM][TFSI] (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide), which has been successfully used as an ion gate [38,60], but with the
modification of polymerizable functional groups (carbon-carbon double bonds in methacrylate, Figure 4b)
on both charged species to perform ion-locking. Before polymerization, DPIL monomers behaved as a
typical ionic liquid with mobile ions that can form EDLs in response to an applied field, Figure 4a. Once the
ions were in place, heat was used to trigger DPIL polymerization, which immobilized the ions [54,61]. After
polymerization, the programming voltages were removed, the device was cooled to room temperature, and
transfer characteristics were made (Figure 4c).
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Figure 4. Using DPIL to create lateral p-n junction. (a) Schematics of (i) device with DPIL before
programming; (ii) equal and opposite voltages are applied to electrodes 2 and 3 (V, = +1 V and
V3 = -1 V) while electrodes 1, 4, and the back gate are floated. After programming, the polymerization
is thermally triggered at 353 K to lock the ions in place with the voltages applied; (iii) voltages removed
after locking and cooling to room temperature, resulting in a fixed p-n junction. (b) Top view schematic
and chemical structure of DPIL monomers. (c) Backgated transfer characteristics after polymerization
between electrodes 1-2 (red dash), 2-3 (green solid line) and 3—4 (blue dash), with Vp =10 mV and
a sweep rate of 0.2 V/s. (d) Fermi-level tuning that gives rise to the Ip3-Vpg and Ij;-Vpg transfer
characteristics after ion-locking.
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One of the most obvious differences between the data in Figures 3 and 4 is that the current
in the DPIL-gated devices in Figure 4 was modulated using a negative Vg, which means that the
DPIL was causing an overall n-type doping of the graphene channel. Note that such an n-type shift
was not observed on the bare graphene device (Figure S2). However, this result is not particularly
surprising when considering the molecular structure of the cations and anions. The charged functional
group of the cation (1-ethyl-3-methylimidazolium (EMIM)) had 7 orbitals that showed a stronger
affinity to graphene due to 7-7t interactions compared with the charged functional group of the
anion (bis(trifluoromethylsulfonyl) (TFSI)) [62]. This structural distinction, combined with the longer
polymerizable group on the anion monomer, suggests that DPIL cations were more likely than anions
to be located at the graphene surface. The stronger chemical affinity of the cations and their lower
steric restrictions would lead to overall n-type doping. This preference for cations to be located near
the surface is emphasized schematically in Figure 4a.

Focusing again on Figure 4c, I34 showed a current minimum at Vg = =37 V, which is consistent
with the unipolar n-type doping that would be expected between electrodes 3 and 4, in accordance
with the schematic Figure 4 (a, iii). As with PEO:CsClQOy, I3 also showed double current minima
(15" Virac = ~ =35 V; 2™ Voo = =10 V), the signature of a p-n junction and an indication that the ions
were locked into place. However, unlike the PEO:CsClO4-gated device, I1; also exhibited two current
minima (15t Vpjrac = =33 V; 2 Vo = —4 V). At first blush, a p-n junction would not be expected
between electrodes 1 and 2. However, as discussed above, the cations of the DPIL seemed to have
affinity for the graphene surface, which means that they would also preferentially accumulate near
electrode 1, which was floated during programming and locking. Thus, the preferential accumulation
of cations to the graphene surface can explain the additional p-n junction located between electrodes 1
and 2. In the future, the p-n junction between electrodes 1 and 2 can be avoided by further material
optimization to avoid preferential adsorption of one type of ion over the other. The corresponding band
diagrams are shown in Figure 4d with a similar interpretation as shown in Figure 3d for PEO:CsClOy,
except for the prominent n-type shift observed for DPIL.

The results of the chemically locked, gateless, graphene p-n junction serve as proof-of-concept that
alternate triggers can be used to semi-permanently dope 2D devices for room temperature operation.
In fact, we have also recently shown that incorporation of thermally-labile linkers into polymerizable
ionic liquids allows ions to be released after the materials are polymerized, which we anticipate will
enable DPILs that can be locked and then unlocked with a second trigger [54]. This type of locking
and unlocking—especially if it can be field-controlled—could prove useful for polymorphic circuits.
Moving forward, some of the challenges include reducing the heavy n-type doping caused by DPIL
polymerization, locking and unlocking the EDLs on demand to demonstrate reconfigurability, and
extending the concept to 2D semiconductors to show rectifying behavior.

4. Conclusions

A gateless lateral p-n junction is demonstrated on 4-electrode graphene devices by ion-locking
using two different solid polymer electrolytes. PEO:CsClOy is locked by lowering the operating
temperature to 220 K (i.e., below its Tg), while DPIL is locked by heating to 353 K to polymerize the
anions and cations, and then operating the device at room temperature. In both cases, the signature of
the p-n junction is double current minima—consistent with what is expected for graphene. For the
PEO:CsClOy, reconfigurability of the p-n junction is also demonstrated by resetting the device at room
temperature, reversing the polarity of the applied bias, and cooling the temperature to 220 K to create
a n-p junction. While the chemical trigger using DPIL is more practical than the low-temperature
approach, preferential n-type doping is observed and attributed to the affinity of the cation over
the anion for the graphene surface. Overall, this study provides proof-of-concept that triggerable
electrolytes can lock-in p-n junctions in graphene, and this approach can be extended to other 2D
material, for electronic and optoelectronic applications.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/5/1089/s1,
Figure S1: Change of ion mobility after polymerization, Figure S2: Transfer characteristics of as-fabricated device.
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species are incorporated into mechanically-robust poly-

meric materials, have emerged as a versatile platform for
organic electronics.” A wide range of ion-containing polymers
have been reported to date. Salt—polymer blends, for example,
have been investigated as solid electrolytes for lithium-ion
batteries and as electrolytic gates for two-dimensional
semiconductors.”> Ton gels, in which room-temperature
ionic liquids are blended with a polymeric support, have
shown promise both as flexible electrolytes for organic
electronics and as gas separation membranes.”” And
polymerized ionic liquids and ionomers, in which one or
both of the ionic species is covalently bonded to the polymer
backbone, have shown promise as single-ion conductors and
high performance elastomers, among other applications.*™"*
This wide range of potential applications makes ion-containing
polymers an important target for further technological
development.

One interesting limitation of current ion-containing
polymers is that their mobile ion contents are generally fixed
under a given set of experimental conditions. In polymerized
ionic liquids and ionomers, for example, the ionic conductivity
can be controlled by changing the concentration of ions, the
chemical nature of the ionic groups, their spacing along the
polymer chains, and their separation from the polymer
backbone."*™"7 These factors are typically set, however,
when the sample is prepared, and cannot be changed while
the material is in use. While the ionic conductivity of these
materials can temporarily be increased by increasing the

Ion-containing polymers, in which charge-carrying ionic

© 2020 American Chemical Society
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temperature,'®'? it returns to its prior level when the material

is cooled, and the ionic conductivity at a given temperature is
effectively fixed. However, new classes of devices might be
realizable if the mobile ion content of an ion-containing
polymer could be changed in response to a simple chemical or
physical trigger. For example, such a material could be used to
design electronic devices that permanently turn on or off on
command. Thus, achieving “triggered” ion release in ion-
containing polymers presents an important challenge to enable
new classes of technological applications.

Here, we address this challenge by developing a cationic
polymerizable ionic liquid with a thermally-labile linkage
between the polymer backbone and the cationic side chain.
This monomer, shown in Scheme 1a (T-SPIL), is analogous to
previously-reported imidazolium-based polymerizable ionic
liquids,”*™** but contains a furan-maleimide Diels—Alder
adduct between the charged imidazolium and the polymer-
izable methacrylate.”””* This Diels—Alder adduct undergoes a
retro-Diels—Alder reaction above 90 °C,>*™*7 enabling
thermally-triggered ion release. Photopolymerization of this
monomer forms a glassy material with low mobile ion content;
after the material is heated to 127 °C (400 K) and returned to
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Scheme 1. Structures of (a) Triggerable Singly
Polymerizable Ionic Liquid T-SPIL and (b) Other
Polymerizable Ionic Liquids Used in This Work”

a)
)Jﬁ(ovg\/‘go
o
o N\_\
*N=\ N(SO,CF3),
N~
T-SPIL
ol

“Full synthetic and characterization details are given in the
Supporting Information.

room temperature, the mobile ion content increases back to
the level observed before polymerization. This result
demonstrates that incorporation of a thermally-labile linkage
allows the mobile ion content of a polymerized ionic liquid to
be changed after the sample is prepared and paves the way for
organic electronics in which the mobile ion content can be
changed on command.

Our synthetic approach to the triggerable polymerizable
ionic liquid monomer shown in Scheme la is detailed in the
Supporting Information. We denote this polymerizable ionic
liquid as a triggerable singly-polymerizable ionic liquid,
abbreviated T-SPIL, indicating that it contains the thermally-
labile furan-maleimide linkage and that only the cationic
species are polymerizable. In addition, nontriggerable singly-
polymerizable ionic liquids lacking the thermally labile Diels—
Alder linkage (NT-SPIL),”' and both triggerable and non-

triggerable doubly polymerizable ionic liquids, in which the
anion also bore a polymerizable group (T-DPIL and NT-
DPIL),22’28_30 were synthesized as comparisons and controls;
their structures are summarized in Scheme 1b, and full
synthetic details are given in the Supporting Information.
Cyclic voltammetry indicated that the electrochemical
windows of all four variants were, at approximately 4 V,
comparable to that of [EMIM][TESI] (see Supporting
Information), making them viable for applications in organic
electronics.””*"**

To retain the desired capability for thermally-triggered ion
release, it was important to polymerize the triggerable
monomers without driving cycloreversion of the Diels—Alder
adduct. Thermal polymerization with azobis(isobutyronitrile)
(AIBN) resulted in deadduction of the endo-Diels—Alder
adducts even when the polymerization temperature was limited
to 65 °C (see Supporting Information). Samples photo-
polymerized using the photoinitiator 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA), on the other hand, showed the
characteristic thermal signatures of the retro-Diels—Alder
reactions of both the endo and exo adducts,** indicating that
both adducts remained intact during UV photopolymerization
at room temperature. As seen in Figure la, photopolymerized
samples T-SPIL and T-DPIL exhibited characteristic endo-
thermic peaks corresponding to the retro-Diels—Alder
reactions of the endo and exo adducts near 100 and 150 °C,
respectively, which were not seen in the non-triggerable
materials (NT-SPIL and NT-DPIL) that lacked the Diels—
Alder linkage. Additionally, all samples exhibited a very broad
glass transition near 10 (SPIL samples) or 40 °C (DPIL
samples). We note that the temperatures at which these
thermal transitions occur depend strongly on the scan rate; as
shown in Figure 1b, when the T-SPIL material is scanned at 2
°C/min, a more distinct T, is observed at 37 °C, and the retro-
Diels—Alder reactions of the endo and exo adducts are
observed at 90 and 130 °C, respectively. Finally, while the
insolubility of the polymerized material in standard NMR
solvents precluded quantification of the monomer conversion,
the absence of polymerization exotherms in the DSC traces,
and the pronounced reduction in mobile ion content observed
in capacitor measurements (see below), indicate that the vast
majority of the ionic monomers were successfully polymerized
in all samples.

The polymerization- and temperature-dependent changes in
the mobile ion content of the materials were then assessed by
drop-casting the electrolytes on lithographically-patterned
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Figure 1. Differential scanning calorimetry thermograms of (a) all four polymers used in this work and (b) polymerized T-SPIL at two
different scan rates. Arrows indicate the glass transition temperatures (midpoints) of each material.
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capacitors with 10 ym spacing and measuring their response to
a change in applied voltage.” In these measurements, applying
a step potential results in a current spike due to capacitor
charging and ionic motion, followed by a slow decay as ions
migrate toward their respective electrodes. This current decays
to a value close to zero as the ions reach their new equilibrium
distribution. The amplitude of the current spike reflects the
number of ions able to respond to the applied voltage and is a
useful proxy for the mobile ion content of the material.
Although impedance measurements would give more quanti-
tative information about the ionic conductivity in these
materials, they are difficult to carry out and interpret in the
current polymer system. Thus, because our objective is
primarily to identify the conditions under which ions are
immobilized or released, we use the charging current
measurement as a simpler gauge of changes in the mobile
ion content.

As seen in Figure 2, a significant decrease in the response
amplitude was observed upon polymerization of both the
triggerable and nontriggerable singly polymerizable materials,
reflecting restriction of the ion mobility in the polymerized
samples, although a small response remained due to the
presence of mobile anions. After a full thermal cycle, in which
the samples were gradually heated to 127 °C and then returned
to room temperature, the response of the nontriggerable
sample returned to its post-polymerization/pre-thermal cycle
baseline, indicating that the thermal cycle had no effect on the
mobile ion content of this material. The response of the
triggerable SPIL, on the other hand, returned to its pre-
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Figure 2. Capacitor response of (a) nontriggerable and (b)
triggerable singly polymerized ionic liquids at 298 K, measured
before polymerization, immediately after polymerization, and after
a full thermal cycle in which the temperature of the sample was
increased to 400 K before being returned to room temperature.
Each trace depicts the response of the material to a step potential
applied across a capacitor with 10 ym electrode spacing.
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polymerization level, indicating that the thermal cycle drove an
increase in the mobile ion content of the sample. These
measurements thus demonstrate that incorporation of
thermally labile Diels—Alder linkages between the ionic units
and the polymer backbone enables thermally triggered ion
release in polymerized ionic liquids, as desired.

The temperature dependence of the capacitor response
during the heating cycle provides strong evidence for the retro-
Diels—Alder reaction as the origin of the observed increase in
mobile ion content. The temperature-dependent response
amplitudes for both the triggerable and nontriggerable singly
polymerized samples are shown in Figure 3. As shown in this
figure, both materials exhibited a significant increase in mobile
ion content with increasing temperature. While the response of
the nontriggerable material increased gradually over the entire
temperature range, as expected for a polymerized ionic liquid
above its glass transition temperature, the response of the
triggerable SPIL exhibited a distinct “turn-on” behavior
between 82 and 92 °C. This abrupt transition may additionally
enable these materials to be used as a type of thermal switch.
Notably, the temperature at which this transition occurs is very
close to the temperature at which the retro-Diels—Alder
reaction was observed during DSC measurements on this
material (~90 °C, when scanned at 2 °C/min, comparable to
the heating rate in the capacitor measurements), and is
significantly higher than its glass transition temperature (~37
°C). Thus, we conclude that the increase in mobile ion content
observed in the triggerable SPIL after a full thermal cycle is
indeed driven by breakage of the thermally labile furan-
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Figure 3. Temperature-dependent current amplitudes for capaci-
tors with (a) non-triggerable and (b) triggerable singly-
polymerized ionic liquids deposited and polymerized across the
electrodes. Arrows labeled T, and rDA indicate the glass transition
temperature and retro-Diels—Alder temperatures of the samples,
respectively.
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maleimide linkages. We note that although these bonds are in
principle reversible,”> which should allow the ions to be “re-
captured” as the material is cooled, the kinetics of the forward
Diels—Alder reaction may be too slow for this process to occur
during the cooling process, or some degradation of the furan
and maleimide units may occur at high temperature,
preventing ion re-capture and leaving the material with
significant mobile ion content even after it is returned to
room temperature.

Finally, to determine whether immobilizing the anions can
further amplify the contrast in the mobile ion content before
and after the thermal cycle, we investigated the response of
samples in which both the cations and the anions were
polymerized (T-DPIL and NT-DPIL). Interestingly, these
samples exhibited essentially no measurable response across
the entire temperature range of the thermal cycling experi-
ments (see Supporting Information) regardless of whether they
contained the thermally labile Diels—Alder linkage in the
cationic monomer. This observation may indicate either that
the ion release is incomplete (i.e. that only a small fraction of
the cations are successfully released by the retro-Diels—Alder
reaction) or that the dynamics of the polymerized ionic liquid
with both polymerized cations and polymerized anions are too
slow to allow transport of the released cations. While
synthetically more difficult than the triggerable cations
described here, designing doubly polymerizable ionic liquids
with triggerable groups on both the cations and the anions may
help overcome these limitations and will be the subject of
future work.

In summary, we have shown that incorporation of a
thermally labile Diels—Alder linkage in the side chain of a
polymerizable ionic liquid facilitates thermally triggerable ion
release when the sample is heated above the cycloreversion
temperature of the Diels—Alder adduct. This approach allows
the mobile ion content of a polymeric material to be changed
after polymerization, a capability that is not achievable with
current classes of ion-containing polymers. In future work, we
anticipate that incorporating other types of responsive
chemical units between the ionic moiety and the polymer
backbone will give rise to materials that respond to a wide
range of other chemical and physical triggers, including light,
heat, and mechanical force, enabling new classes of triggerable
and stimulus-responsive organic electronics.
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ABSTRACT

We demonstrate that the exciton energy of a monolayer of tungsten diselenide on an SiO,/Si substrate can be tuned by an applied in-plane
electric field for two samples with different dielectric capping materials. The exciton energy can be either red- or blue-shifted by up to
20 meV based on the polarity of the applied electric field. We argue that a piezoelectric effect creates a large internal electric field, which is
either partially aligned or partially antialigned with the external electric field. Additionally, optical hysteresis is observed on cycling of the

external electric field due to trapped charges.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123514

The many possible configurations of van der Waals hetero-
structures make transition-metal dichalcogenides (TMDs) promis-
ing for next-generation electronic and optoelectronic devices." * A
monolayer of TMD with the form MX, (e.g., M = Mo or W; X=S§
or Se) is a direct bandgap semiconductor.”® TMD monolayers also
have extraordinarily strong optical oscillator strengths and large
exciton binding energies (0.3-0.5eV).”"

Strong light-matter coupling leads to polariton states, as reported
in optical microcavities at both room and cryogenic temperatures.” "’
To the best of our knowledge, however, optical nonlinearities and
spontaneous coherence have not yet been observed in these systems.
These phenomena require resonance between the cavity photon
energy and the TMD exciton energies, either via tuning of the micro-
cavity thickness or via tuning of the exciton energy by an electromag-
netic field or other external means. Control of the microcavity
thickness can be obtained by growing TMD layers over a wide area
using chemical vapor deposition (CVD) or molecular beam epitaxy
(MBE), and then a gradient, or wedge, of the microcavity spacer thick-
ness can be used to tune the cavity photon energy, as done in III-V
polariton structures at a low temperature.'* Although many research
groups are investigating wide-area growth of TMD layers, to date, the
optical quality of these samples is still poor in comparison to small-
area samples created via exfoliation. Therefore, various methods to

tune the exciton energy of exfoliated samples may provide an alterna-
tive route. Prior work has shown that the bandgap of TMDs can be
tuned by strain, either by bending a soft substrate'” ' or applying an
external force through a stressor.'® Unfortunately, neither of these
techniques can be easily applied in practical devices. Vertical electric
field tuning has been used with spatially indirect excitons in bilayer
structures, " but indirect excitons have a much lower oscillator
strength, making them less useful as candidates for strong light-matter
coupling. We therefore focus on shifting the energy of the excitons in
monolayers.

Here, we measure the Stark shift predicted in 2D TMD mate-
rials due to an applied in-plane electric field.”" This method has
been used previously with TMD layers, including using an electric
field to modify the exciton-polariton coupling strength in a micro-
cavity.”” However, a systematic investigation of tuning the exciton
energy in monolayer TMDs has not yet been reported. In this
paper, we report a systematic experimental study of the exciton
energy in monolayer tungsten diselenide (WSe,) under continuous
tuning by an in-plane electric field. To avoid arcing between con-
tacts (which occurs around 10 kV/cm), thin layers of the dielectric
materials hBN and SiO, were used as a protective capping layer of
the TMD flakes. This approach can be extended to other TMDs
with optical bandgaps.

Appl. Phys. Lett. 115, 161103 (2019); doi: 10.1063/1.5123514
Published under license by AIP Publishing

115, 161103-1



Applied Physics Letters ARTICLE

Isolated monolayer flakes of WSe, (bulk crystals purchased from
2D semiconductors) with a typical size of 5 x 15 um* were mechani-
cally exfoliated and transferred to the surfaces of two separate p-doped
silicon substrates with 90 nm of SiO, (purchased from the Graphene
Supermarket). The transfer was performed in air. The thicknesses of
the flakes were characterized by micro-Raman spectroscopy, in which
we observe the main typical lattice vibration mode Aé (252cm™Y)
(supplementary material, Sec. 1), consistent with the reported values
for a monolayer.”* Two contacts were written on top of each flake via
e-beam lithography, to give an electric field parallel to the surface; this
was followed by e-beam deposition of Ti/Au 3/100 nm. The metals
were deposited at a pressure of 107 Torr. Device 1 was capped with a
15-nm film of exfoliated hBN (bulk crystal purchased from 2D semi-
conductors), and device 2 was capped with 90 nm of SiO, grown via
plasma-enhanced vapor deposition (PECVD). The contacts were then
wirebonded. In device 1, the wirebonds were in direct contact with the
gold pad, while in device 2, the wirebonds were separated from the
gold pads by 90 nm of SiO,. Figure 1(a) illustrates the design of each
device.

The photoluminescence (PL) spectra of monolayer WSe, were
measured by nonresonantly pumping the devices at room temperature
with a 632-nm HeNe laser with a spot size of 5pum at normal
incidence through a microscope objective while the substrate was
grounded. The PL spectra were collected by the same microscope
objective and directed towards a spectrometer equipped with a charge
coupled device (CCD) camera. The reflected He-Ne laser light was
removed using several long-pass filters. Even though some of the
pump laser overfills the sample, the monolayer region is responsible
for the vast majority of the signal due to the efficient optical transition
at the K point in the Brillouin zone. The PL spectra of the capped sam-
ples are shown in Fig. 1(b). The measurement in Fig. 1(b) (blue curve)
was performed on uncapped samples. Before capping, both samples
exhibit a main peak due to exciton A (ex4) centered at 1.668 eV with
an FWHM of 65 meV. After capping device 1 with hBN, the ex, peak
significantly narrows and red shifts, resulting in an FWHM of 37 meV
centered at 1.630eV, while the measured PL intensity does not

8 0
061 x4500 \M ‘ /
04

0.2 -

0.0 -

Photoluminescence intensity (a.u.)

T T T T T T 1
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FIG. 1. (a) Schematics of two samples capped with (top, device 1) a 15 nm film of
exfoliated hBN and (bottom, device 2) 90nm of SiO, grown by PECVD. Ti/Au
source/drain contacts were on the \WSe, monolayer flake prior to the addition of the
capping layer. (b) Typical photoluminescence emission spectra of the WSe,
excitons in the uncapped sample (blue curve), the sample capped with hBN (gray
curve), and the sample capped with SiO, (red curve) with the Lorentz fit (green
curve). The insets are the optical microscope images of the devices with hBN and
SiO, capping, respectively. Capping the samples red shifts the excitons. Note that
the sample capped with SiO; shifts the furthest, in agreement with another study.””

scitation.org/journal/apl

significantly change. After capping device 2 with SiO,, the linewidth
broadens to 75 meV and further red shifts to 1.597 eV, with the inten-
sity of the PL dropping by a factor of 4500 which was fit by the
Lorentz function. The red shift of TMD exciton energies due to the
presence of capping and substrate materials has been previously
observed and was attributed to the change of the dielectric environ-
ment, resulting in a change of both the exciton binding energy and a
shift of the bandgap.””

Electrical characterization without optical pumping was carried
out using a Keysight BI500A semiconductor parameter analyzer in a
Lakeshore cryogenic vacuum probe station (CRX-VF) at a pressure of
2 x 10~ ®Torr. Figure 2 shows the electrical response of the source-
drain current as a function of the source-drain voltage for device 1.
The sharp rise in current at around 10 V for both positive and negative
voltages indicates that the current is crossing a tunneling barrier. The
hysteresis observed here has been reported previously and was attrib-
uted to the behavior to the trapping states induced by absorbed water
molecules on the TMD surface.”® The authors of that work also noted
that the photosensitivity of the TMDs significantly increased the hys-
teresis when it was exposed to white illumination, which also indicates
the presence of trapped charge excited by high-energy photons.

Device 1 was wire-bonded to a chip carrier, which in turn, was
connected to a Keithley 2326B. Keeping the substrate grounded, the
source-drain voltage was ramped from 0 to 40 V, then down to —40'V,
and back to 0V, all at 1V increments. After cycling several times, the
PL was collected as described above, and the center of the dominant
peak position was recorded and plotted vs the bias voltage, as shown
in Fig. 2(b).

As seen in Fig. 2, hysteresis is observed in both the electrical cur-
rent and the exciton energy in the optical signal. The optical signal
shows two additional features. The first is that the energy of the
exciton at 0V is permanently blue-shifted relative to its value (from
1.63 to 1.644 eV) before the voltage was applied; thus, the red shift
originally induced by the capping layer has been decreased. The sec-
ond is that we found the Stark shift of the exciton is not always of
lower energy, which is unexpected.

The overall red shift of the exciton energy relative to the
uncapped sample is likely due to the internal electric field that arises
when the capping layer is added, which we attribute to the result of
piezoelectric effects from the strain between the TMD and the cap.
This internal electric field is larger than the external electric field,
which either partially cancels or augments it. The permanent, slight
blue shift after voltage cycling is presumably the result of the applied
electric field relaxing the strains, and hence the internal electric field.

The Stark shift is predicted to be quadratic with the total electric
field and is always of lower energy.”' We can write this as the sum of
the internal and external electric fields,

AE:lan :la(Fint‘FFext)za (1)
2 2

where the energy shift AE is given in terms of the polarizability of the
excitons o and the electric field strength F. By taking the externally
applied electric field as the bias voltage divided by the S/D contact sep-
aration distance (5 um), Eq. (1) predicts a quadratic dependence for
the data in Fig. 2(b). Because the measured shift is linear with the
applied electric field, we conclude that the internal field is much larger
than the externally applied field. We approximate the above equation
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FIG. 2. (a) Source-drain current as a function of the source-drain voltage in device 1; the substrate is set to the ground. Optical pumping was not used while these data were
collected; the ramping speed is 20 mV/s. (b) The maximum photon energy of the PL of ex, as a function of an externally applied source-drain voltage in device 1, after cycling
through the voltage loop several times. The exciton energy at 0 applied voltage switches between 1.644 and 1.641 eV based on the location in the loop. Both of these values
are between the exciton energies before and after adding the capping layer. The red shift due to capping with hBN was permanently reduced, as found by remeasuring the
sample one week later. The inset shows two typical PL spectra under the applied voltages.

to the first order in F.y, and then take the derivative with respect to
the external field to compare to the slope of the data in Fig. 2(b),

dE  Fin
AV  d

where d is the S/D separation distance of 5 yim and Vg = Feyd. Fitting
our data to a straight line, we find that « =5 x 10~° meV cm*/kV>,
which is reasonably close to the predicted values for other TMD materi-
als.”! Additionally, we find that the internal electric field is 1220 kV/cm,
corresponding to about 0.06% strain for a piezoelectric-constant value
of 5pm/V,””** which is much larger than our externally applied electric
field of 80 kV/cm, justifying our approximation above.

When the same measurement was done on device 2, some key
differences were observed. In device 2, cycling through the voltage
loop did not permanently reduce the initial red shift introduced
when the capping layer was added. It has been shown that WSe, in
contact with SiO, experiences a larger surface strain.”” Thus, we
expect that the surface bonds are stronger and so a larger applied
electric field would be necessary to relax them. Additionally, we
note that the shifting of the PL in the SiO,-capped sample saturates
at an applied voltage of 10 V. The SiO, layer between the gold wire
bond on the top and the gold contact on the bottom is about

)

90 nm thick. Given that the applied voltage is 10 V, we see that an
electric field of 1.1 MV/cm is plausible in this region, which is near
the breakdown limit of SiO,. It is therefore likely that a small
leakage current is present, preventing a larger energy shift and
resulting in the observed saturation.

When we attempted to obtain an I-V curve for device 2; we
found that the DC was always well below the noise threshold of our
equipment. It should be noted that device 2 has two capacitors formed
by the layer of SiO, between the top metal contacts and the buried
metal pads as shown in the lower illustration of Fig. 1(a). By measuring
this capacitance (see the supplementary material), we calculated
the applied electric field as a function of the source-drain voltage
[Fig. 3(b)]. The graph shows a linear relationship with respect to the
external voltage, but with the absolute maximum value of 100 kV/cm
for positive polarity and 30kV/ecm for negative polarity. From
Fig. 3(a), we see the exciton energy changes by 9meV for negative
polarity and by 21 meV for positive polarity. We attribute the asym-
metric energy shifts in Fig. 3(a) to the asymmetric behavior of the in-
plane electric field in the WSe,. These polarity-dependent differences
are due to the different contact resistances at the two metal/WSe,
interfaces. It has been reported that the Schottky barrier heights
between the metal and WSe, can be different on the same device

FIG. 3. (a) Photoluminescence of ex, in
. device 2, as a function of an externally

. applied source-drain voltage, after cycling
through the voltage loop several times.

Unlike device 1, the initial red shift does

& not change after voltage cycling. The exci-
ton energy at 0 applied voltage switches
between 1.586 and 1.597 eV based on the

(a) 1615 (b) 120
1.610 100 7
— 4
2 1605 g ¥
z > 60
@ 1.600 (5
2 = g0
(5] o
o 1595 g
% B 204
;
£ 1590 g
= T 04+
-30
1.585 201 . "
L]
1.580 —— 40

T
-30 -25 20 -15 -10 -5 0 5 10 15 20 25 30

location in the loop. Note that the graph is
asymmetric in polarity. (b) The applied
electric field in the plane of the WSe, flake
as a function of the source-drain voltage.

External voltage (V)

External voltage (V)

Appl. Phys. Lett. 115, 161103 (2019); doi: 10.1063/1.5123514
Published under license by AIP Publishing

115, 161103-3



Applied Physics Letters

despite using the same contact metal; this is due to the effect of Fermi-
level pinning””"” or interfacial residue.”

Tuning the exciton energy inside TMD monolayers is essential
for creating microcavities to study strong light-matter coupling. The
in-plane method of applying the electric field demonstrated here lends
itself to integration with microcavity devices, because there is no need
to dope the mirrors. Here, we have shown that the exciton energy of
monolayer WSe, can be tuned using an externally applied electric
field. About 10 and 20 meV of the total tunable range are demon-
strated in hBN- and SiO,-capped samples, respectively, with the SiO,
capped sample showing a larger tunability but a reduced PL intensity.
The ability to both red and blue shift the exciton energy suggests the
presence of an internal electric field, consistent with a piezoelectric
effect due to the strain from the capping layer. The hysteresis observed
in the voltage-dependent PL is presumably due to trapped charges.
Our methods may be extended to tuning the exciton energy of a TMD
monolayer inside a microcavity, eventually leading to novel devices for
studying strong coupling in TMD systems.

See the supplementary material for the complete study of the
capacitor charging measurements and temperature-dependent photo-
luminescence of a monolayer WSe, capped with hBN.
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